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Cryogenic  refrigeration  is  a  common  requirement  of  all 
superconductivity  applications.  For  this  reason,  dominant  em¬ 
phasis  is  being  given  to  this  portion  of  the  program.  Its  specif¬ 
ic  application  to  an  integrated  superc  >nductive  ship  propulsion 
system  with  the  extreme  environments  involved  will  assure  that 
particular  attention  is  given  to  each  factor  affecting  reliability, 
maintainability,  safety,  and  availability  of  the  cryogenic  system 
components. 

The  specific  objectives  of  this  program  are  to: 

•  Conduct  a  limited  but  broad  application  sjrvey  of 
multiple  applications  in  which  the  use  of  cryogenic 
and  superconductive  systems  and  components  offer 
substantial  advantages  through  impro  /ements  in  the 
performance  of  propulsion,  communication,  detec¬ 
tion,  or  weapons  systems. 

•  Define,  investigate,  and  experimentally  evaluate  the 
key  elem  ents  of  a  representative  cryogenic  turbore- 
frigeratjr  subsystem  suitable  for  providing  reliable 
long-liv 3d  cryogenic  refrigeration  for  a  superconduc¬ 
tive  ship  propulsion  system. 

•  Provide  a  sound  technical  basis  for  subsequent  appli¬ 
cations  of  superconductive  power  in  the  area  of  ship 
propulsion.  Other  applications,  and  their  requirements, 
will  be  reviewed  and  evaluated,  in  order  to  form  a  pre-  ’ 
liminary  evaluation  of  those  applications  that  might  de¬ 
serve  more  detailed  study. 

•  Concentrate  the  experimental  portions  of  this  pro¬ 
gram  on  the  identification  of  potential  materials  and 
process  problem  areas  and  the  demonstration  of 
potential  resolution  of  such  problems. 
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SUM  ARY 


TECHNICAL  PROBLEM 

The  specific  objectives  of  this  program  are  to: 

•  Conduct  a  limited  but  broad  application  survey  of  multiple  applica¬ 
tions  in  which  the  use  of  cryogenic  and  superconductive  systems  and 
components  offer  substantial  advantages  through  improvements  in 
the  performance  of  propulsion,  communication,  detection,  or  weap¬ 
ons  systems. 

•  Define,  investigate,  and  experimentally  evaluate  the  key  elements  of 
a  representative  cryogenic  tu.  norefrigerator  subsystem  suitable  for 
providing  reliable  long-lived  cryogenic  refrigeration  for  a  super¬ 
conductive  ship  propulsion  system. 

•  Provide  a  sound  technical  basis  for  subsequent  applications  of  super¬ 
conductive  power  in  the  area  of  ship  propulsion.  Other  applications, 
and  their  requirements,  will  be  reviewed  and  evaluated,  in  order  to 
form  a  preliminary  evaluation  of  those  applications  that  might  de¬ 
serve  more  detailed  study. 

•  Concentrate  the  experimental  portions  of  this  program  on  the  identi¬ 
fication  of  potential  materials  and  process  problem  areas  and  the 
demonstration  of  potential  resolution  of  such  problems. 

Cryogenic  refrigeration  is  a  common  requirement  of  all  superconductiv¬ 
ity  applications.  For  this  reason,  dominant  emphasis  was  initially  given  to 
this  portion  of  the  program.  Its  specific  application  to  an  integrated  super¬ 
conductive  ship  propulsion  system  with  the  extreme  environments  involved 
will  assure  that  particular  attention  is  given  to  each  factor  affecting  reliability, 
maintainability,  safety,  and  availability  of  the  cryogenic  system  components. 

METHODOLOGY 

The  program  presented  provided  that  the  work  would  be  divided  into 
three  phases: 

•  Phase  I  --  Cryogenic  Application  Studies 

•  Phase  II  --  Systems  Technology  Evaluations 

•  Phase  III  --  Key  Component  Development 

The  work  in  each  phase  was  divided  into  various  major  tasks  i  nd  was 
scheduled  as  shown  in  Figure  1.  Major  milestones  were  established  for  the 
first  two  phases.  All  of  the  tasks  necessary  to  fulfill  the  program  were  de- 
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scribed  in  the  statement  of  work.  To  assure  direction  and  clarity,  these 
tasks  were  divided  into  two  groups:  cryogenic  turborefrigerators  and  super' 
conductive  power  systems. 

The  conduct  of  work  under  Phase  II  was  modified  by  the  Advanced  Re¬ 
search  Projects  Agency  as  a  result  of  the  initiation  of  the  Navy's  orogram  for 
the  development  of  a  superconducting  propulsion  system.  These  instructions 
terminated  the  work  under  Task  R-40  and  discontinued  ail  cryogenic  refrig¬ 
erator  work  preparatory  to  Phase  III,  other  than  that  necessary  for  the  proper 
preparation  of  task  effort  suitable  for  the  preparation  of  this  report. 

Continuing  work  in  Phases  II  and  III  was  directed  to  the  identification  of 
potential  materials  and  process  problems  and  the  demonstration  of  a  potential 
resolution  of  such  problems  in  the  area  of  Task  S-30,  "Materials  and  Proenas 
Evaluations.  " 

This  second  semiannual  technical  report  is  therefore  prepared  to  describe 
the  accomplishments  in  the  terminated  areas  of  effort  and  to  describe  the  prep¬ 
aration  of  materials  and  process  evaluation  preparations  for  the  testing  ac¬ 
tivities  of  Phase  III.  The  continuing  efforts  fall  into  two  areas: 

•  Liquid  metal  current  collection  technology 

•  Superconductive  coil  technology 

Because  no  actual  testing  is  to  be  conducted  until  Phase  III,  no  effort  is 
made  here  to  centralize  a  report  of  these  activities. 

INDIVIDUAL  TASKS 

CRYOGENIC  TURBOALTERNATORS  DEVELOPMENT 
FOR  EXTREME  ENVIRONMENTS 

The  original  intent  of  the  contract  was  to  conotruct,  during  Phase  II,  ad¬ 
vanced  turboaltcmators  for  the  purpose  of  bearing  materials  development 
and  shock  and  vibration  testing.  Before  construction  could  be  completed,  all 
work  related  to  the  cryogenic  refrig ‘ration  portion  of  'he  contract  was  termi¬ 
nated  by  the  Government.  This  report  therefore  describes  the  accomplish¬ 
ments  to  the  point  of  termination  and  the  status  of  the  refrigeration  program 
at  that  time. 

I  arts  for  two  turboaltcrnator  assemblies  were  started:  one  of  those  as¬ 
semblies  was  to  be  used  for  bearing  materials  investigations  and  the  other 
was  to  be  used  for  testing  under  extreme  environments,  including  shock  and 
vibration.  At  the  time  of  termination,  these  parts  were  about  half  completed. 

In  the  area  of  bearing  materials  investigation,  a  significant  result  was 
produced.  A  key  clement  of  tne  turboaltcrnator  is  the  self-acting  gas  bear¬ 
ing  system,  and  the  material  used  in  these  bearings  is  critical.  Using  turbo- 


alternator  parts  borrowed  from  another  contract,  a  new  bearing  material 
(sintered  titanium  carbide)  was  experimentally  evaluated  for  the  first  time 
at  very  low  temperatures.  Using  helium  gas  boiled  off  from  liquid,  the  tur¬ 
boalternator  was  operated  to  temperatures  as  low  as  9.8°K.  This  is  believed 
to  be  the  lowest  temperature  at  which  self-acting  gas  bearings  have  operated. 
The  significance  is  that  the  gas  bearing  operated  well  under  conditions  of  very 
low  gas  viscosity  existing  at  that  very  low  temperature  and  that  the  tempera¬ 
ture,  and  hence  the  viscosity,  were  lower  than  normal  design  levels.  This 
test  enhances  the  prospects  for  self-acting  gas  bearing  turboalternators  at 
very  low  temperatures. 

REFRIGERATOR  TRANSIENT  ANALYSIS 

The  system  transient  and  off-design  analysis  was  completed.  An  analyti¬ 
cal  model  of  a  Claude  cycle  refrigerator  was  developed,  using  modular  com¬ 
ponent  subroutines  so  that  various  arrangements  of  components  could  be  ana¬ 
lyzed.  The  cooldown  of  a  two-expander  Claude  cycle  machine,  corresponding 
to  a  real  system,  was  analyzed  as  a  test  of  the  digital  computer  program. 

POWER  CONDITIONER  FOR  COMPRESSOR  MOTORS 

A  tentative  conclusion  from  this  work  is  that  a  dynamic  power  conditioner 
(a  motor -generator  set)  has  a  number  of  advantages  over  a  solid-state  power 
conditioner  for  shipboard  applications  in  the  sizes  needed. 

LIQUID  METAL  CURRENT  COLLECTOR  TECHNOLOGY 

The  studies  completed  in  this  area  during  Phase  I,  as  previously  reported, 
led  to  the  conclusion  that  only  gallium  (or  gallium -indium)  of  the  many  liquid 
metals  considered  offered  any  promise  of  providing  a  better  solution  to  the 
problems  of  liquid  metal  current  collection  than  that  obtainable  using  NaK  as 
the  liquid  metal. 

The  advantages  of  gallium  over  NaK  arc  confined  primarily  to  the  lower 
speeds  of  operation  typical  of  motors  where  the  higher  conductivity  and  den¬ 
sity  result  in  lower  overall  machine  losses  as  well  as  assisting  in  liquid  metal 
retention  in  the  conducting  areas  of  the  collector.  Because  gallium  has  no 
significant  reaction  with  water  and  is  nontoxic,  it  offers  increased  safety  and 
maintenance  ease,  compared  to  NaK.  However,  it  should  be  recognized  that 
adequate  maintenance  of  an  oxygen  (and/or  moisture  vapor)  free  cover  gas 
over  either  liquid  metal  is  equally  Important  to  the  long  life  and  trouble-free 
performance  that  are  expected  from  these  collectors. 

The  experimental  demonstration  of  gallium  performance  in  the  so,^cted 
collector  configurations,  when  subjected  to  the  high -intensity  magnetic  fields 
representative  of  operation  in  superconductive  motors  and  generators,  is  the 
primary  objective  of  this  portion  of  the  program.  During  Phase  II,  the  prin- 
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ciple  effort  has  been  directed  toward  the  design  and  fabrication  of  a  collector 
configuration  employing  materials  and  processes  that  assure  long-life  com¬ 
patibility  with  gallium  (or  gallium  indium)  and  practical  applicability  to  future 
use  in  superconductive  propulsion  systems. 

The  equipment  has  been  completed  and  initial  testing  is  ready  to  begin 
in  Phase  III.  Upon  completion  of  successful  testing,  these  materials  and 
processes  will  be  more  fully  described. 

SUPERCONDUCTIVE  COIL  TECHNOLOGY 

Many  areas  of  superconductive  coil  technology  have  been  and  are  being 
worked  on  by  other  investigators  in  this  country  and  in  other  countries.  How¬ 
ever,  the  availability  of  a  satisfactorily  stabilized  superconductor  (finely 
stranded  niobium-titanium)  and  the  availability  of  proven  coil  fabrication  and 
potting  methods  (e.g.  ,  the  Culham  Laboratories  technology)  provide  a  suffi¬ 
cient  and  sound  basis  for  proceeding  with  the  design  i.nd  development  of  su¬ 
perconductive  machinery.  It  remains  necessary  to  experimentally  verify  that 
these  technological  developments  that  have  been  proven  sa  isfactory  for  coils 
inastationary  environment  will  also  perform  reliably  in  the  dynamic  environ¬ 
ment  of  a  shipboard  propulsion  system. 

To  assure  materials  and  processes  compatibility  and  to  fabricate  equip¬ 
ment  and  prepare  testing  facilities  for  this  experimental  verification  of  coil 
performance  in  a  dynamic  environment  have  been  the  principal  objective  of 
these  Phase  II  activities. 

Equipment  has  been  completed  and  is  ready  for  Phase  II  testing. 
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CRYC  3ENIC  TURBOALTERNATORS  DEVELOPMENT 
FOR  EXTRfcME  ENVIRONMENTS 

DESIGN  FOR  PERFORMANCE 

A  study  was  conducted  to  determine  the  most  expedient  approach  to  eval¬ 
uate  the  performance  of  the  Big  Bertha  turboalternator  as  applied  to  the  sub¬ 
ject  cryogenic  refrigeration  systems.  It  was  shown  in  the  first  semiannual 
technical  report  that  there  are  operating  areas  where  the  performance  of 
partial  admission  radial  impulse  turbines  is  probably  the  best  choice.  In 
addition  it  was  also  shown  that  for  one  case  the  full  admission  radial  reac¬ 
tion  turb.ne  will  probably  provide  the  most  efficient  turbine  and  hence  im¬ 
prove  the  overall  refrigeration  cycle  efficiency. 

To  illustrate  this  poaoible  improved  performance,  a  separate  investiga¬ 
tion  was  conducted.  The  effect  of  turboalternator  performance  on  the  type 
of  refrigerator  systems  studies  that  were  conducted  during  Phase  I  have  been 
examined.  The  original  base  for  turbine  designs  for  the  a-c  generator  re¬ 
frigerator  application  is  shown  in  Table  1. 

Fo."  the  a-c  generator  application  of  a  cryogenic  refrigerator  system, 
additional  cycle  studies  were  conducted,  with  a  variety  of  turboalternator 
efficiencies  arbitrarily  imposed  to  show  the  potential  lor  improved  turbo- 
alternator  efficiencies.  This  work  was  only  a  demonstration  of  the  potential 
effect  on  alternator  efficiency  at  the  various  temperature  stations  of  the  cycle 
considered. 

Results  are  shown  in  Figure  2,  where  the  turboalternator  efficiency  at 
each  of  the  three  stations  was  arbitrarily  increased  by  the  amount  shown. 
These  results  are  based  on  influencing  each  turbine  separately,  leaving  the 
other  two  turbines  at  the  original  cycle  design  point  efficiency., 

Then  the  results  of  improving  all  the  turboalternator  efficiencies  simul¬ 
taneously  were  examined  (Figure  3).  This  study  involved  a  refrigerator 
with  three  turbines.  For  systems  with  only  two  turbines,  the  improvement 
in  turboaiternator  efficiency  on  reduced  input  power  is  even  more  pronounced 
(Ref.  1). 

The  comparison  of  two  low -temperature,  12°K  turboaiternator  designs 
is  shown  in  Table  2.  The  full  admission  radial  reaction  shows  a  substantial 
efficiency  advantage  of  more  than  20  percent. 

The  turboaiternator  performance  work  that  would  have  been  conducted 
under  this  contract  included  the  operation  of  a  turboaiternator  for  perfor¬ 
mance  evaluation  of  the  Big  Bertha  frame  size,  as  was  originally  established 
in  the  proposed  approach  for  this  program. 
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Table  1 


A-C  GENERATOR  REFRIGERATOR 
TURBOALTERNATOR  DESIGN  SUMMARY* 


Model  and  Iniet  Temperature 


Design  Parameters 

Big  Bertha 
(12°K) 

Big  Bertha 
(35°  K) 

Grizziy  Giant 
(1 20°  K) 

Totai  refrigeration  power  outputs  (watts) 

15.57 

191.4 

681.  5 

Design  speed  (rpm) 

72, 960 

72,  820 

64, 640 

Maximum  speed  (rpm) 

Refrigerator  input  power  (kiiowatts) 

200, 000 

200,  000 

200,  000 

Principal  Dimensions 

Journai-bearing  span  (Inches) 

3.  82 

3.82 

7.64 

Journal  and  magnet  diameter  finches) 

0.  5 

0.5 

1.0 

Thrust-bea.’ing  outside  diameter  (inches) 

0.  84 

0.84 

1. 68 

Magnet  iength  (inches) 

0.  705 

0.705 

1.410 

Performance  Factors 

Inlet  temperature  (°R) 

21.6 

63.0 

216.  0 

Inlet  temperature  (°K) 

12 

35 

120 

Iniet  pressure  (psia) 

41.35 

41.77 

42.  19 

Outlet  pressure  (psia) 

17.  08 

16.83 

16.58 

Pressure  ratio 

2.  422 

2.482 

2.545 

Mass  fiow  (pounds  per  hour) 

67.  14 

53.44 

57.92 

Turbine  run  number 

630601006 

630602001 

630603005 

Wheei  diameter  (inches) 

0.  75 

1.25 

2.50 

Eieetromagnctic  efficiency  (fraction) 

0.  998 

0.985 

0.  952 

Number  of  biadcs 

37 

5h 

77 

Cycic  required  overall  efficiency  (fraction) 

0.  4725 

0.5086 

0.4674 

Overall  efficiency  (fraction) 

0.  4809 

0.5127 

0.4804 

Specific  speed 

23.57 

15.95 

10.  79 

Total  friction  iosses  (watts) 

4.  89 

9.03 

93.  66 

Design  Geometry 

Admission  (fraction) 

0.  3165 

0.  2216 

0.  1567 

Cutter  diameter  (inches) 

0.  0278 

0.  0293 

0.  0470 

Blade  height  (Inches) 

0.  0935 

0.  1085 

0.  1534 

Biade-height-to-diamcter  ratio 

3.36 

?.  707 

3.  264 

Blade  angle  tdegrees) 

60 

60 

60 

Nozzle  angle  (degrees) 

80 

80 

80 

^Turbine  type:  partiai-admisBion,  radial  Impulse 
Load  alternator  type:  permanent  magnet 
Journal  bearing  type:  seif-aeting  tiiting  pod 
Thrust  bearing  type:  Inward  pumping,  spiral  groove 
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Refrigerator  Input  Power  (fraction) 


f 

Temperature 

Station 


120°K 

35°K 


12°K 


Turbo  alternator  Efficiency  Improvement  (fraction) 


Figure  2.  Effect  of  Turboalternator  Efficiency  Improvement  on  Total 
Refrigerator  Input  Power,  with  Each  Turboalternator's 
Efficiency  Changed  Separately 
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Refrigerator  Input  Power  (fraction) 
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Table  2 


COMPARISON  OF  PARTIAL  AND  FULL  ADMISSION  TURBOALTERNATORS* 


Turbine  Type 

Design  Parameters 

Partial  Admission, 
Radial  Impulse 
(12°K) 

Full  Admission, 
Radial  Reaction 
(1  2°K) 

Total  refrigeration  power  outputs  (watts) 

75.  59 

110.  6 

Design  speed  (rpm) 

72,960 

96,900 

Maximum  speed  (rpm) 

200, 000 

200,  000 

Principal  Dimensions 

Journal  bearing  span  (inches) 

3.  82 

3.  82 

Journal  and  magnet  diameter  (inches) 

0.  5 

0.  5 

Thrust  bearing  outside  diameter  (inches) 

0.  84 

0.  84 

Magnet  length  (inches) 

0.  705 

0.  705 

Performance  Factors 

Inlet  temperature  (°R) 

21.  6 

21.  6 

Inlet  temperature  (UK) 

i  n 

X  Ct 

12 

Inlet  pressure  (psia) 

41.35 

41. 35 

Outlet  pressure  (psia) 

17.08 

17.  08 

Pressure  ratio 

2.422 

2.  422 

Mass  flow  (pounds  per  hour) 

67.14 

67.  14 

Turbine  run  number 

630601006 

630601007 

Wheel  diameter  (inches) 

0.  75 

0.  80 

Electromagnetic  efficiency  (fraction) 

0.  098 

0.  998 

Number  of  blades 

37 

44 

Overall  efficiency  (fraction) 

0.  481 

0.  704 

Specific  speed 

23.57 

30.  50 

Total  friction  losses  (watts) 

4.  89 

9.  90 

Design  Geometry 

Admission  (fraction) 

0.3165 

1. 00 

Cutter  diameter  (inches) 

0.  0278 

NA 

Blade  height  (inches) 

0.  0935 

0. 0222 

Blade-height-to-diameter  ratio 

3.  36 

NA 

Blade  angle  (degrees) 

60 

0 

Nozzle  angle  (degrees) 

80.  0 

81. 9 

*Model:  Big  Bertha 

i^oad  alternator  type:  permanent  magnet 
Journal  bearing  type:  self-acting  tilting  pads 
Thrust  bearing  type:  inward  pumping,  spiral  groove 


CR-2313 


11 


The  turbine  performance  would  have  been  evaluated  at  the  80°K  level, 
with  a  single  heat  exchanger  in  a  cryogenic  section.  Pressure  levels  and 
flow  rates  available  from  the  General  Electric  Research  and  Development 
Center  compressor  should  have  been  considered  in  the  design  of  such  a  turbo¬ 
alternator.  The  maximum  flow  available  to  the  turboalternator  is  32.  7  grams 
per  second,  with  an  inlet  pressure  of  5  0.  3  psia  and  an  exit  pressure  of  18.  7 
psia  for  an  overall  pressure  ratio  of  2.  7.  These  values  are  at  the  cryosection 
closed  cycle,  test  station  valves  leading  to  the  turbine  operating  in  the  cryo¬ 
section  test  station. 

The  turbine  aerodynamic  design  would  have  been  made  for  an  operating 
condition  in  which  the  best  of  the  two  alternate  versions  could  be  established 
at  a  particular  set  of  operating  conditions.  From  the  Phase  I  final  report, 
it  was  shown  that  a  probable  cross-over  point  of  efficiency  of  the  partial  ad¬ 
mission  turbine  to  the  full  admission  turbine  is  at  a  specific  speed  of  approx¬ 
imately  20.  0.  It  is  therefore  desirable  to  design  the  different  types  of  tur¬ 
bines  at  this  same  specific  speed. 

The  principal  geometry  and  design  conditions  chosen  for  both  turbine 
types  are  shown  in  Table  3. 

Table  3 

GEOMETRY  AND  DESIGN  CONDITIONS  FOR  BOTH  TURBINE  TYPES 


Characteristic 

Parameter 

Principal  Dimensions 

Journal  bearing  span 

3.  82  inches 

Journal  and  magnet  diameter 

U.  50  inches 

Thrust  bearing  outside  diameter 

0.  84  inches 

Magnet  length 

0.  705  inches 

Performance  Factors 

Inlet  temperature 

W 

o 

O 

o 

CO 

Inlet  pressure 

48. 7  psia 

Outlet  pressure 

19.5  psia 

Pressure  ratio 

2.  5 

Specific  speed 

20.  0  CR-2453 

The  outlet  pressure  from  the  turbine  was  established  at  slightly  above 
the  low-pressure  return  of  the  facility  compressor,  to  allow  for  cryogenic 
exchanger,  filter,  and  plumbing  pressure  losses.  Then  a  pressure  ratio  of 
2.5  was  selected  as  a  typical  refriger  Hon  cycle  pressure  ratio.  This  ratio 


0 


«l 


resulted  in  an  inlet  pressure  of  48.  7  psia,  which  can  be  easily  accommodated 
by  the  facility  compressor. 

A  series  of  full  admission  turbine  computer  design  runs  were  carried 
out,  and  the  results  are  shown  as  the  first  column  of  Table  4,  resulting  in 
a  flow  of  5.  0  grams  per  second  and  a  reasonably  high  power  of  397.  2  watts, 
obtaining  a  specific  speed  of  20. 

The  design  speed  of  150,  000  rpm  shown  is  reasonable.  The  maximum 
speed  of  200,  000  rpm  was  tentatively  selected  for  fast  cooldown  but  is  sub¬ 
ject  to  adjustment  with  the  detailed  gas  bearing  analysis  and  design. 

The  56  blades  represent  a  large  number.  This  quantity  would  have  been 
investigated  further,  and  a  trade-off  would  have  been  made,  because  a  com- 

Table  4 

TURBOALTERNATOR  DESIGN  SUMMARY 


m —  i 


fl 


Full  Admission, 
Radial  reaction 

Partial  Admission,  Radial  Impulse 

Ilun 

830601014 

Run 

630601017 

Run 

630601 019 

Run 

630601021 

Run 

63060122 

Run 

630601023 

Total  refrigeration  power  outputs  (watts) 

397.  2 

301.5 

299.3 

301.5 

301  .  0 

301.3 

Design  speed  (rpm) 

150,000 

141,300 

158,300 

133,900 

127,100 

141,300 

Maximum  apeed  (rpm) 

200.000 

200,000 

200,000 

200,000 

200.000 

200,000 

Principal  Dimensions 

Journal  bearing  apan  (inches) 

3.82 

3. 82 

3.82 

3.82 

3.82 

3.82 

Journal  and  magnet  diameter  (inches) 

0.5 

0.  5 

0.5 

0.5 

0.5 

0.5 

Thrust  bearing  outside  diameter  (inches) 

0.  84 

0.  84 

0.  84 

0.  84 

0.  84 

0,  84 

Magnet  length  (inches) 

~ 

0.5489 

0.4325 

0.  6114 

0.6768 

0.705 

Performance  Factors 

Inlet  temperature  (°R) 

144 

144 

144 

144 

144 

144 

Inlet  temperature  (°K) 

80 

80 

80 

80 

80 

80 

Inlet  pressure  (psia) 

48.7 

48.69  ' 

48.  69 

18.  69 

48.  69 

48.69 

Outlet  pressure  (psia) 

19.5 

19.  40 

19.49 

19.49 

19.49 

19.49 

Pressure  ratio 

2.  5 

2.498 

2.498 

2.498 

2.498 

2.498 

Mass  fiow  (grams  per  second) 

5 

5 

5 

5 

5 

5 

Wheel  diameter  (inches) 

1  693 

1. 000 

0.  900 

1.  050 

1.  100 

1. 000 

Electromagnetic  efficiency  (fraction) 

0.980 

0.  975 

0.  975 

0.  975 

0.975 

0.  9806 

Number  of  blades 

56.44 

45.  0 

45.  0 

45.  0 

45.  0 

43,0 

Overall  efficiency  (fraction) 

0.  6237 

0.4734 

0.4700 

0.4734 

0.4727 

0.4732 

Specific  speed 

20.97 

15.97 

22.38 

18.94 

18.  00 

19.97 

Total  friction  losses  (watts) 

31. 22 

29.  82 

34.  91 

27.  94 

26.38 

27.74 

Design  Geometry 

Admission  (fraction) 

1.00 

0. 27i i 

— 

-- 

0.  2461 

0.  2708 

Cutter  diameter  (inches) 

NA 

0.  03  091 

-- 

-- 

0.  0344 

0.  03253 

Blade  height  (inches) 

0.  0282 

0. 1069 

0. 1088 

0.  1069 

0. 1070 

0.1070 

Biade-helght-to-diameter  ratio 

NA 

3.458 

3.  898 

3.  275 

3.  Ill 

3.289 

Blade  angie  (degrees) 

0 

bU 

60 

80 

80 

80 

Nozzle  angle  (degrees) 

83.85 

80.  00 

80.  00 

80.  00 

80.  00 

80.  00 

ICR-2348 

promise  was  expected.  The  compromise  would  have  been  between:  (1 )  de¬ 
creased  efficiency  with  increased  slip  and  fewer  blades  and  (2)  the  practical 
aspects  of  milling  this  turbine  wheel.  Other  entries  for  the  full  admission 
turbine  in  Table  4  appear  reasonable  but  are  subject  to  adjustments  during 
final  design.  Toe  complete  computer  printout  for  this  design  case  (630601014) 
is  shown  in  Figure  4 . 

DESIGN  CASE  630601 014 

GAS  IS  HELIUM 


OVERALL  PERFORMANCE 


t-.LECTWlCAL  POWER  OUTPUT  (WATTS) 

0.  3972E+0? 

PTA 

SPEED  (RPM) 

0. 150JE+06 

N 

JVERALL  EFFICIENCY  (FRACTION) 

0.6237F+00 

FT  *T  A 

TEMPERATURES,  PR  ESSURES,  FLO  ft 

INLET  TEMPERATURE  (R) 

0. I440E+03 

TO 

INLET  TEMPERATURE  (K) 

0. 800UE+02 

1A 

OVERALL  TEMPERATURE  DROP  (R) 

0. 27^9F+02 

TEr  •? 

OVERALL  TEMPERATURE  DROP  CO 

0.  1527E+02 

TE '  < 

OUTLET  TEMPERATURE  EXIT  (R> 

0.  1 1 63E+03 

T4P 

ilUTL  i  TEMPERATURE  EXIT  (K) 

0.6473E+02 

T4 

INLET  PRESSURE  (PSIA) 

0.M867E+0? 

PO 

INLET  PRESSURE  (AT«) 

0.331 3E+01 

PA 

!i0ZZLE  EXIT  PRESSURE  (PSIA) 

0.3164E+02 

P2 

OUTLET  PRESSURE  (PSIA) 

0.  194'^E+02 

P3 

OUTLET  PRESSURE  (AIM) 

0.  1320^+01 

PB 

PRESSURE  E'-TIG 

0.24OMU+01 

HR 

FLOW  (LR/S-C) 

0.  not  E-01 

W 

FLOW  (LB /HP) 

0.3Oo-3E+02 

.|9 

FLOW  (G/SEC) 

O.S0O0E+O1 

..'A 

PRIMARY  DT  { -itSIOHS 
itMEEL  TIP  ■lA-iFTPIP  (IN) 
TIP  3LAnF  : EIGHT  (IN) 
EXDUCHR  i'I P  01  A.  (IN) 
FXDUCER  HU  ;  01  A.  (IN) 
NUMBER  01-  'LADES 


0.  1 693E+01  71 

0.28?>E-01  r»H 
0.  *  I  '3HE+00  i-0 

o.  1  66‘5E+00  '-HO 
0.  ‘.>6-1 1E+02  L 


THRUST  HEARING 
L0AU(  LBS, ) , 

OUTSIDE  DI  VIEi'EHdN), 
DIAMETER  RATIO 
CLEAR.  TO  01 A.  RATIO 
LOAD  COEFFICIENT 
BEARING  NUMBER 
CLEAN  AUC", L-)AMSli;T(  IN) 
FRICTION  P  1*«  (U  ATI'S) 


0.  T>'’?F+00 
0.  •'4,v)E+00 
0 . 6  L. :i:+00 
J.  70''  >  L-0 3 
0.  *-  /  •  ”->01 
).  "/*.»  4  -  L  +  O ) 
D.  rjnC')P-03 
).  Ij'PE+OI 


4  •  I 

n  DC 
TfC 

ujl! 

71 LC 
BTP! 


CR-2364-1 


Figure  4.  Full  Admission  Radial  Reaction  Design  Point  Computer  Printout 
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JOURNAL  REARING 


LOAD(LRS. ) 

0. I774E+00 

RJL 

LOAD  COEFFICIENT 

0. 7284E-0I 

RJC 

REARING  NUMBER 

0.1822E+0I 

BCN 

CLEAR.  TO  DIA.  RATIO 

0.9081 E-03 

RCDR 

MACHINED  CLEARANCE  (III) 

0.4S4 IE-03 

BMC 

PIVOT  FILM  THICK! IN) 

0.3006 E-03 

RJMF 

FRICTION  POWER (WATTS) 

0.4577E+0I 

BJPL 

GAS  BEARINGS 

ROTATING  ASSEMBLY  .HEIGHT  (LBS) 

0. B549H+00 

p*  r< 

ACCELERATION  OF  GRAVITY  ("G") 

0. 1C00F+0I 

ACG 

TOT.  BEARING  FRICTION  (WATTS) 

0.  1  I62F+02 

PLB 

V  A»CE  TEk  (S 

IS-'  u  MUR  IC  HEAP  ( FT) 

0.4261 E+OS 

!!S 

'•Vi>ifCc-  i  LEAVING  LOSS  (FT) 

0.7 44?F+O0 

•1C 

Li-AV?  i  L  1  IS  FRACTION,  ISPf-  .  HEAD 

0. 1747* -01 

NLF 

AJ  !.-»>  .*TO-H  FLJ  (.r-AUSS) 

J.  1  tiP^+JE 

Kr> 

ALTER!'.  AT  1  <  CURE  L'JSS  Cul-FF  . 

0.  IS?  '<-+01 

:;\ 

AL  TE  :'*l  PR  COFpEh  Li  1SS  C  iu  FF  . 

O.ObU  i't+OI 

KO 

KV./.L-.  BVIf  GAG  T!  r.(') 

o.  I2G4 :-+() 0 

T2 

'*<  iili-  •  {  -KIT  GAS  TP-R.(-) 

*.).  1 144  !••+'•» 

ro 

<  use  #  il.  el  j..  (cps> 

n.  1 7?i  e+oo 

’0 

pErF'J  V'CE  F’.JTOkS 

TIB  SPEED  TO  SPOUTING  ATIu 

0.6690E+00 

S7‘- 

TU.H.  pRFTSSUHl:  REACT.  RATH 

o..:i6or+oo 

PRR 

SPECIFIC  3PFSJ 

0. 2097F+02 

SPECIFIC  DIAMETER 

0.4PS9F+0I 

PS 

FLOn  FACTOR 

'J.4/0BG+0I 

N3TP 

•<MEFL  EFFICIENCY  (FRACTION) 

0.6723E+00 

El  A ii 

HYDRAULIC  EFFICIENCY  (FRACTION) 

0.6903E+00 

ETA 

EL  1  :CTR OM AG N FT  EFF.  (FRACTION) 

0.97 50 E+OO 

ITEM 

ISENTROPIC  POWER  («aTTS) 

0.o363~+03 

PT  A  S 

WHEEL  POWER  OUTPUT  (WATTS) 

0.4234^+03 

P'fO.; 

SHAFT  POWER  OUTPUT  (WATTS) 

0.4076F+00 

PT- 

PARASITIC  LOSSES  (..ATT3) 

ALTER  1 ATfW  TOTAL  E-.V, 

J. 1 045F+0? 

PI.FL 

JOURNAL  DIAM  SHAFT  FRICTION 

D.RadOP+OI 

PLSF 

ALTERNATOR  GAP  FRICTI ON 

0.57  0  5  E+OO 

PI-Gi- 

BEARING  FRICTION 

0.  1  l6?5:+02 

PLf 

SUM  ALL  PARASITIC  LO-SFC 

0.3l2?G+0'> 

PLOT 

CR-2364-2 


Figure  4 .  Full  Admission  Radial  Reaction  Design  Point  Computer  Printout 
(Continued) 
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GEOMETRY 

WHEEL  TIP  CLEARANCE  (IN) 

EXDUCER  TIP  CLEARANCE  (IN) 

NOZZLE  ANGLE  (DEGREES) 

BLADF  ANGLE  (DEGREES) 

BLADE  INCIDENCE  ANGLE  (DEG.) 
EXDUCER  TIP  BLADE  ANGLE  (DEG) 

TOTAL  (ACHIN'  SHAFT  LENGTH  (IN) 
JOURNAL  SHAFT  DIAMETER  (IN) 

JOURNAL  FREE  SHAFT  LENGTH  (IN) 

ALTERNATOR  DIAMETER  (IN) 

AL  I'EH  N  ATOR  M  AGUE  T  LENGTH  (IN) 
ALTERNATOR  PERIF.  SPHED( F . P. S. ) 
ALTERNATOR  RADIAL  GAP  (IN) 

STATOR  OVERHANG  (IN) 

STATOR  LAMINATION  PIA.  (I1) 

EMPIR.  ALTERNATOR  OIA.(IP) 

VELOCITIES 

SPOUTING  VELOCITY  (FPS) 

WHEEL  TIP  SPEElK  FPS) 

NQZZLF  DISCHARGE  VELOCITY  (FP^> 
BLADF  INLET  RELATI  VE  VELHC I  l'Y  (  FPS) 
BLADE  INLET  IADIAL  VELOCITY  (FPS) 
BLADE  INLET  RELATIVE  MACH  "UMBER 
SLIP  FACTOR 

EXDUCER  AXIAL  VELOCITY  ( FFS) 
EXDUCER  TIP  REL.  VELOCITY  (FPS) 
EXDUCER  TIP  REL.  MACH  WU'/J^m 

REYNOLDS  NUMBERS 
TURBINE  DISC  REYNOLDS  NO. 

JOURNAL  DIAMETER  REYNOLDS  '  i. 
ALTERNATOR  GAP  REYNOLDS  "0. 

DRAG  COEFFICIENTS 
rtHEEL  REYNOLDS  NUMBER  CDRkSCI  P •’! 
JOURNAL  DIAMF.TFR  DRAG  CDF>r- . 
ALTERNATOR  GAP  MUM  ENT  CUFFF. 


0.  B.886E-02 

S 

0. 1 0  BOF-02 

SE 

0. 8B6'iF+02 

ALP2 

0. 

np? 

-0. 1 BB6E+02 

I 

o.bl I6F+02 

P.B 

).  50501-:+ 01 

•SL 

O.bOOOF+OO 

“)J 

0.3?  B  )'-’+0 

PSD 

j.  biuOF+OO 

;o 

0.6/))  6F+D0 

;  > 

0. 3272F+OB 

A|»« 

D.BK78F-0I 

r, 

0.B625E-0I 

"  \ 

0. 1 64bF+0| 

L 

0. 4B08F+00 

DP  - 

0. 1 OS7F+D4 

CO 

0.  1  1  0G-+D4 

J 

).  10/68+04 

C2 

0.  i26?i;+ob 

.<? 

0.1)  O.jE+OB 

V  3 

0.  778‘jf— 0) 

0. 1 074F+00 

SLIP 

0.21  non+rjB 

vB 

0.  B4  9|  1-+03 

<iB 

0.  3271  '  +"<> 

‘RB 

o.  I  pi  (••+•;./ 

0.f7b6nn+r,8 

m  j  1:  J 

>.  4n‘J  /••+)> 

1  #  •  • 

O.  07  ) 

:  .  . .  |  071 — ,T> 

C  )S 

1  /  64  1-0  3 

■jp  ; 

lUO  80. C  B.BIB  I  .  (26  o.O 
200  .9/b  .48 
BOO  0.0  b. Ob  .000  .bOO 
400  .84  ! . 0  ."01 b  .0007 
bOO  IbOOOO.  /OOCOO.  BOO. 
600  6.106010)4  2 


CR-2364-3 


Figure  4.  Full  Admission  Radial  Reaction  Design  Point  Computer  Printout 
(Continued) 
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A  scries  of  partial  admission  turbine  design  runs  were  then  made,  to 
result  in  a  counterpart  design  at  the  same  flow  rate  of  5  grams  per  jecond, 
the  same  pressure,  and  an  80°K  inlet  temperature.  Results  of  th<  ,c  runs 
are  shown  in  the  remaining  columns  of  Table  4. 

The  design  in  the  right-hand  column  would  have  been  the  selected  partial 
admission  design,  subject  to  final  detail  design  considerations.  The  com¬ 
plete  computer  printout  for  this  design  case  (630601023)  is  shown  in  Figure  5. 

DESIGN  CASE  630601023 

GAS  IS  HELIUM 


KEFKI  GEKAT  1 0N  PWK  01JT  (WATTS) 
ELECTKICAL  P0WEK  0UTPU1  (WAITS) 
SPEED  (KPM) 

3VEKALL  EFFICIENCY  (FRACTION) 

TEMPEKATUKE3,PKESSUKES,FL0W 
INLET  TEMPEKATUKE  (  K) 

INLET  TEMPEKATUKE  (K) 

0VEKALL  TEMPEKATUKE  DK0P  (K) 
0VEKALL  1EMPEKATUKE  DK0P  (K) 
0UTLET  TEMPEKATUKE  EXIT  (K> 
0UTLET  TEMPEKATUKE  EX  II  (K) 

INLET  PKESSUKE  (PSIrt) 

INLET  PKESSUKE  (ATM) 

0UTLET  PKESSUKE  (PSIA) 

0U1 LEI  PKESSUKE  (ATM) 

PKESSUKE  KATI0 
FLOW  (LB/SEC) 

FLOW  (LB/HP) 

FLOW  (G/SEC) 

PKIMAKY  DIMENSIONS 
WHEEL  TIP  DIAMETEK  (IN) 

NdMBEK  0F  BLADES 
BLADE  HEIGHT  (IN) 

BLADE  HI.  CUT.  DIA.  KAII0 

THKUST  BEAK  I NG 
L0AD(LBS . ) , 

OUTSIDE  DIAMETEK(IN), 

DIAMETEK  KATI0 
CLEAK.  T 0  DIA.  KATI3 
LOAD  COEFFICIENJ 
BEAKING  NUMBEK 
CLEAKANCE#  L  3ADSI DE( IN) 

FKICTI0N  P0WEK( WATTS) 


0. 30I3E+03 

PTHL 

0 • 30 1 3E  +  03 

PTA 

0. 1 4 | 3E+06 

N 

0. A732E+00 

ETATA 

0. 1 440E+03 

10 

0. 8000E+02 

IA 

0.208AE+02 

TEDK 

0.  1  I59E*02 

1  EDK 

0. I 23 1 E*  03 

TAK 

0.68AIE+02 

T4K 

0. A869E*02 

PO 

0.33 I3E+0I 

PA 

0.  1 9^9E*02 

P3 

0.  1 326E  +  0 1 

PB 

0.249HE*0| 

PK 

0. 1 I0IE-0I 

W 

0.3965E«-02 

WP 

0. 5000E+0 I 

WA 

0. I000E+0I 

D 

0. 4300E+02 

L 

0.  1 070E  *00 

BH 

0.3289E+0! 

BHCD 

0.3S07fc>00 

BTL 

0.8A00E+00 

DT 

0. 65AHF.+  00 

DK 

0. 7000E-03 

BDCK 

0. S685E-0! 

BTC 

0. 7383E+00 

BIN 

0. 5880E-03 

FLC  r 

0. 1 384E+0 I 

BTPL 

Figure  5.  Partial  Admission  Radial  Impulse  Design  Point  Computer 
Printout 


JOURNAL  BEARING 


L0AD(LBS . ) 

0. I75AE+00 

BJL 

LOAD  COEFFICIENT 

0.7199E-0I 

BJC 

BEARING  NUMBER 

0. 1 780E+0! 

BCN 

CLEAR.  TO  DIA.  RATIO 

0.89 l 7E-03 

BCD 

MACHINED  CLEARANCE  (IN) 

0. AA59E-03 

BMC 

PIV.  FILM  THICK(IN) 

0.3006E-03 

BJMF 

FRICTION  POWER( WATTS) 

0. 4080E+0 1 

BJPL 

TWO  STAGE  PERFORMANCE 

OTHER  STAGE  IN  TEMP  (K) 

0. 

TOA 

TOTAL  HEAT  LEAK  (WATTS) 

0. 

PHL 

EXIT  TEMPERATURE  (K) 

0. 684  1E*02 

T4KH 

SHAFT  HEAT  LEAK  (WATTS) 

0. 

PHLS 

H3USG  HFAT  LEAK  (WATTS) 

0. 

PHLH 

GAS  BEARINGS 

K0IATING  ASSEMBLY  WEIGHT  (LBS) 

0.3S07E+C0 

RAW 

ACCELERATION  OF  GRAVITY  ( MG" ) 

0. I 000E+01 

ACG 

TOT.  BEARING  FRICTION  (WATTS) 

0. 1 044E+02 

PLB 

PERFORMANCE  TERMS 
ISENTROPIC  HEAD  (FT) 

HYDRAULIC  EFF . »  FIRSl  1 EKM 
HYDRAULIC  EFF . »  SECOND  I ERM 
HYDRAULIC  EFF.,  THIRD  TERM 
TIP  CLEARANCE  EFF.  CORRECT *3N 
TRAIL  EDGE  EFF.  CORRECTION 
BLADE  RE.  NO.  EFF.  CORR. 


0.*2A1E*05  HS 
0 . 6862E*  00  ETAHI 
0 • 1 223E*  00  ETAH2 
0.5975E-04  ETAH3 
0 . 98 ^  7E^00  LC 
0.9430E+00  LE 
0 • 9R  A9E*  00  LR 


ALTERNATOR  GAP  FLUX  (KGAUSS) 

alternator  core  loss  coeff. 
ALTERNATOR  copper  loss  coeff. 


0.M07F.+02  An 
0.152HE*0I  KA 
0 . 659  6E*  0 1  KB 


TEMPERATURE  WHEEL  EXIT  GAS  <R>  0.1212E*03  T3 

TURBINE  BLADE  DISC  VOL.  FLOW  (CFS)  0.1835F*00  03 


PERFORMANCE  FACTORS 
TIP  SPEED  TO  SPOUTING  VEL. RATIO 
NOZZLE  COEFFICIENT 
SPECIFIC  SPEED 
SPECIFIC  DIAMETER 
FLOW  FACTOR 


0.372SE+0C  SVR 
0 . 9000E*  00  PSIN 
0.  199  7E* 02  NS 
0.2795E+01  DS 
0 . A798E*  0 1  WS  TP 


WHEEL  EFFICIENCY  (FRACTION) 
HYDRAULIC  EFFICIENCY  (FRACTION) 
ELECTROMAGNET  EFF.  (FRACTION) 


0.51 68E+00  ETAW 
0. 5A39E*  00  ETAH 
0.9806E+00  ETEM 


ISENTROPIC  PCWER  (WATTS) 
WHEEL  POWER  OUTPUT  (WATTS) 
SHAFT  POWER  OUTPUT  (WATTS) 


0. 6368E*03 
0.329 IE+03 
0 . 3074E+03 


PTAS 

PTBW 

PTR 
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Figure  5.  Partial  Admission  Radial  Impulse  Design  Point  Computer 
Printout  (Continued) 
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PARASITIC  LOSSES  (WATTS) 

ALTERNATOR  T0TAL  EM 
TURBINE  DISC  FRICTION 
JOURNAL  DIAM  SHAFT  FRICTION 
ALTERNATOR  GAP  FRICTION 
BEARING  FRICTION 
SUM  ALL  PARASITIC  L0SSES 

GEOMETRY 

WHEEL  TIP  CLEARANCE  (IN) 

BLADE  PASSAGE  CUTTER  DIAMETER  (IN) 
BLADE  TRAILING  EDGE  THICKNESS  (IN) 
ADMISSION  ARC  (FRACTION) 

ADMISSION  ARC  (DEGREES) 

NOZZLE  ANGLE  (DEGREES) 

BLADE  ANGLE  (DEGREES) 

BLADE  INCIDENCE  ANGLE  (DEG) 

BLADE  CHORD  (IN) 

WHEEL  INSIDE  DIAMETER  (IN) 

BLADE  PRESSURE  SURFACE  RADIUS  (IN) 
BLADE  SUCTION  SURFACE  RADIUS  (IN) 

TOTAL  MACHINE  SHAFT  LENGTH  (IN) 
JOURNAL  SHAFT  DIAMETER  (IN) 

JOURNAL  FREE  SHAFT  LENGTH  (IN) 
ALTERNATOR  DIAMETER  (IN) 

ALIER.NATOR  MAGNET  LENGTH  (IN) 
ALTERNATOR  RERIF.  SPEED( F . P .S .  ) 
ALTERNAlOrt  RADIAL  GAP  (IN) 

STATOR  OVERHANG  (IN) 

STATOR  LAMINATION  DIA.  (IN) 

EMPIR.  ALTERNATOR  DIA. (IN) 

WHEEL  BACK  SIDE  OPTIMUM  GAP  (IN) 

VELOCITIES 

SPOUTING  VELOCITY  (FPS) 

WHEEL  TIT  SPEED ( FPS ) 

NOZZLE  DISCHARGE  VELOCITY  (FPS) 
BLADE  INLET  RELATIVE  VEL3CIT((FPS) 
BLADE  INLET  RADIAL  VELOCIIY  (FPS) 
BLADE  INLET  RELATIVE  MACH  NUMBER 

REYNOLDS  NUMRERS 
BLADE  PASSAGE  REYNOLDS  NO. 

TURBINE  DISC  REYNOLDS  NO. 

JOURNAL  DIAMETER  REYNOLDS  NO. 
ALTERNATOR  GAP  REYNOLDS  NO. 


0. 6082E+0 I 
0 . 3809E+0 1 
0. 6884E+0 1 
0.5243E+00 
0. I 044E+02 
0.277SE+02 


0.2000E-02 
0.3253E-0I 
0. A000E-02 
0.2  708E  +  00 
0.9  748F+02 
0. 8000E+02 
0. 6000E+02 
0. I308E+02 
0. I 123E+00 
0. 7753E+00 
0.648  5E-0 I 
0. 3232E- 0  I 

C. 5050E+01 
0. 5000E*  00 
0.31 75E+0 1 
0 . 5000E*  00 
0. 7028E+00 
0.3  085E*  03 
0.28  75E-0 1 
0 . 8625E-0 1 
0. 18*5E*01 
0.4042E+00 
0. 1 544E-0I 


0. 1 6S6E+04 
0.6  1 70E*  03 
0.1491 E«-04 
0. 2706E+03 
0.2S89E+03 
1  809E*  00 


0.  1  3 1 OE*  05 
0.2930E*  06 
0. 7325E+05 
0. 3  447E+0S 


PL  EL 
PI  DF 
PLSF 
PLGF 
PLB 
PL  TP 
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Figure  5.  Partial  Admission  Radial  Impulse  Design  Point  Computer 
Printout  (Continued) 
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DRAG  COEFFICIENTS 
TURBINE  DISC  DRAG  C0EFF. 
JOURNAL  DIAMETER  DRAG  COEFF. 
ALTERNATOR  GAP  MOMENT  COEFF. 

I  00  80.0  3.313  I  .326  5.0 
200  .9806  .50 
300  I .00  5.05  .500  .500 
400  .84  1.0  .0015  .0007 
500  0.  200000.  300. 

600  630601023  2 
700  .002  43.  .004 
800  bO.  60.  .9 
9  00  1 .  0.  1  . 


Figure  5.  Partial  Admission  Kadial  Impulse  Design  Point  Computer 
Printout  (Continued) 

ALTERNATOR  ELECTROMAGNETIC  DESIGN 

Based  on  the  design  requirements  shown  in  Table  4  for  tile  parital  ad¬ 
mission  turboalternator,  the  electromagnetic  design  was  established.  1  his 
design  was  based  on  the  performance  requirements  expected  from  the  turbo- 
alternator  design  point  performance  computer  run,  in  conjunction  with  the 
existing  drawings  and  completed  turboalternator  stator  that  have  been  com¬ 
pleted  except  for  winding  of  the  stator. 

CRYOSECTION  DESIGN 


CR-2363-4 


0.7402E-02  CMD 
0.5404E-02  CDS 
0 . 1 848E-02  CDG 


The  complete  cryosection  designed  around  the  radial  reaction  and  par¬ 
tial  admission  impulse  turboalternator  designs  are  shown  in  Table  4.  The 
complete  cryosection  for  this  requirement  would  have  been  sized  for  the 
performance  design  conditions  of  5  grams  per  second  at  a  pressure  ratio 
of  2.5,  with  the  turbine  inlet  temperature  of  80°K. 

Included  in  the  cryosection  is  a  quick  cooldown  coil,  a  charcoal  adsorber, 
and  a  cryogenic  heat  exchanger.  The  cryogenic  heat  exchangers  considered 
included  the  plastic  laminate  version  and  also  the  spiral  finned  tube  version. 
The  former  has  a  low  pressure  drop,  whereas  the  latter  has  a  higher  pressure 
drop. 

HEAT  EXCHANGER  DESIGN 

Following  are  the  details  of  the  heat  exchanger  design  for  the  Advanced 
Research  Projects  Agr.icy: 

Turbine  inlet  temperature  =  80°K 
Turbine  inlet  pressure  =  48.  7  psia 
Turbine  outlet  pressure  =  19.5  psia 
Turbine  Tioverall  turbine  =  0.  47 
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Isentropic  temperature  ratio  =  -=*  = 

la  Pa 


=  (2.5)1^  «  (2.  5)0,40lS 
=  1.44 

Tout  isentropic  =  ~~  =  55.  5 

80-  55.  5  =  24.  5 
^Tactual  =  0.  47  x  24.5  -  11.5 
Tout  actual  =  80-  11.5  =  68.  5°K 
Flow  =  0.  005  kilograms  per  second 

Say  ATload  =  \  X  11.5  =  5.8°K 

Qload  =  m  Cp  AT  =  0.  005  x  5200  x  5.  8 
=  150  watts 

AT  available  to  heat  exchanger  =  5.  8°K 


I 


=  1  -~8_  =  1-0.  026 


225.  8 
e  =  0.  974 


The  design  cycle  for  98  percent  is: 


0.  98  =  1  -• 


ATend 


220  +  ATend 
215.6+0.98  IT.  .  -  220  -  fiT  .  = 


-  at„. 


_  220  -  215. 6 

ATend  "  o.  98 

ATend  "  4-4898 

Tcold  in  =  80  -  4.4898 

300-80  _  220 

e  =  300-75. 510  ~  224. 49 

GAS  BEARING  AND  ROTOR  DYNAMICS 

BEARING  DESIGN  REQUIREMENTS 

The  journal  and  thrust  bearing  overall  design  requirements  include: 

•  Lubricant:  helium  gas  from  cycle  working  fluid 

•  Ultimate  design  life:  10,000  hours  or  more 

•  Shock  and  vibration  loads:  (to  be  determined) 

•  Acceleration  load:  design  for  3.0  gin  any  direction  while  operating 

•  Design  cryogenic  temperature:  80°K  (144°  R) 

•  Design  speed:  141,300  rpm 

•  Maximum  operating  temperature:  125° F  (^85°R) 

•  Ambient  pressure:  19.5  psia 

•  Starting:  many  start- stop  cycles 

•  Orientation:  both  vertical  and  horizontal 

In  addition,  requirements  as  a  consequence  of  the  operating  environment 
include  a  maximum  speed  of  200,000  rpm.  This  maximum  speed  will  only  be 
experienced  at  the  maximum  operating  temperature  at  the  start  of  the  system 
cooldown.  After  cooldown  has  started,  the  speed  will  be  gradually  decreased 
until  the  design  speed  of  141,300  rpm  is  reached  at  the  design  temperature  of 
80°K. 

The  above  requirements  assume: 

•  No  operating  pressure  thrust  load  (A  large  load  capability  will  be  in¬ 
cluded  for  contingencies.  ) 

•  No  change  in  the  actual  operating  ambient  pressure  throughout  the 
temperature  range  and  intended  operating  mode 

•  Design  speed  close  enough  to  the  150,000-rpm  radial  reaction  turbine 
design  speed  that  the  bearing  designs  are  essentially  the  same 


-  4-4 
~  0.  98 

=  75. 510 
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•  3.  0-g  operating  load  as  the  largest  load  anticipated  to  be  practical  for 
the  design  of  cryogenic  turboalternators  for  continuous  operation 
(Higher  bearing  loads  are  possible,  but  higher  friction  losses  are  not 
consistent  with  the  objectives  of  reasonably  high  turboalternator  over¬ 
all  efficiency.  Therefore,  once  shock  and  vibration  ~evels  that  the 
turboalternator  can  tolerate  are  determined  by  analysis  and  environ¬ 
mental  tests,  isolation  of  the  turboalternator  will  be  made  to  prevent 
adverse  operating  modes  on  the  bearings.  The  3.  0-g  maximum  load 
requirement  may  then  also  be  relaxed.  ) 

BEARING  SELECTIONS 

Only  self-acting  gas  bearings  were  considered  for  this  design.  External¬ 
ly  pressurized  bearings  were  not  considered  for  the  following  masons: 

•  Refrigerator  cycle  efficiency  requires  a  low  ambient  pressure,  near 
atmospheric,  in  the  rotor  housings. 

•  Refrigerator  cycle  efficiency  would  be  lowered  because  a  portion  of 
the  cycle  gas  would  have  to  be  diverted  through  the  bearings. 

•  Ducting  the  bearing  exhaust  gas  involves  a  mechanical  and  thermal 
heat  leak  complication  that  is  considered  impractical. 

•  The  bearings  must  be  isolated  from  the  rotor  cavity  by  noncontacting 
seals.  The  design  of  the  seals  could  be  equally  as  complicated  as  the 
design  of  the  bearing  itself. 

Tilting  pad  journal  bearings  (Figures  6  and  7)  were  selected  for  the  jour¬ 
nals  because  of: 

•  Confidence  in  ultimate  success 

•  Prior  manufacturing  and  cryogenic  test  experience 

•  Broad  stability  range 

•  Inherent  self-alignment 

•  Reasonable  tolerance  to  dirt  ingestion  and  thermal  distortion 

A  double-acting  hydrodynamic  thrust  bearing  with  a  gimbal  system  mount 
was  selected  because  of: 

•  Confidence  in  the  ultimate  success 

•  Prior  manufacturing  and  cryogenic  test  experience 

•  Suitability  for  any  attitude,  plus  g- loading 

•  Suitability  for  complete  self-alignment 

A  spiral  groove,  inward  pumping  geometry  (Figures  8  and  9)  was  selected 
for  the  turboalternator  designs  because  a  stable  configuration  could  be  obtained 


Pivot  Polnl 
Mini  ThlcHoviiB 


HydrolynAitilc 


JOURNAL  BEARING  DESIGN 


Procedure 

The  procedure  for  journal  bearing  design  consists  of  the  following  steps: 

1.  Set  up  the  criterion  for  selection. 

2.  Select  the  bearing  parameters  and  performance  characteristics  for 
the  preliminary  design. 

3.  Determine  the  first  bending  critical  speed  of  the  rotating  assembly. 

4.  Determine  the  stability  and  response  of  the  rotor/journal  bearing 
combination. 

Many  of  the  selection  criteria  are  b.  sed  upon  engineering  judgments, 
some  of  which  are  based  upon  past  experience.  For  instance,  the  principal 
journal  bearing  goal  is  to  determine  a  design  capable  of  maintaining  a  fluid 
film  separation  of  the  bearing  surfaces  in  the  cryogenic  environment.  All 
that  is  required  is  a  nonzero  minimum  film  thickness,  but  there  are  two  other 
film  thicknesses  that  are  usually  considered.  One  is  the  pivot  film  thickness 
chosen  as  a  design  goal  in  advance  of  thermal  distortion  data.  The  second 
film  thickness  is  chosen  as  the  absolute  minimum  acceptable  film  thickness, 
which  should  take  into  account  basic  equation  accuracy,  numerical  solution 
accuracy,  and  anticipated  manufacturing  tolerances.  Similar  considerations 
aPply  t°  critical  speeds  and  other  aspects  of  the  design. 

The  criteria  used  in  designing  the  journal  bearings  are: 

•  Pivot  film  thickness  of  100  microinches  (at  3-g  steady-state  load,  with¬ 
out  bearing  surface  distortion) 

•  Absolute  minimum  film  thickness  of  5  0  microincl  es 

•  Minimum  power  loss 

•  Shoe  pitch,  roll,  and  radial  translational  natural  frequencies  with  un¬ 
distorted  bearing  surfaces  must  be  25  percent  above  or  5  percent  be¬ 
low  the  operating  speed  extremes 

•  7  irst  bending  critical  speed  25  percent  above  the  opei'ating  speed 
range 

•  Whirl  threshold  speed  above  the  operating  speed  range 

•  Maximum  nondimensionai  pivot  film  thickness  (hp)  of  0.  75,  for  pad 
stability 

®  Minimum  nondimensionai  pivot  film  thickness  of  0.  20,  to  limit  bear¬ 
ing  friction 

•  Maximum  pivot  point  stress  (hertz)  of  100,000  psi 


The  journal  bearings  were  designed  using  a  selector  computer  program 
(Program  JSELCT)*  that  contained: 

•  Coefficient  of  nondimensional  polynomials  for  single-pad  load,  power 
loss,  radial  stiffness,  and  pitch  axis  stiffness  versus  bearing  num¬ 
ber  (A)  at  a  constant  nondimensional  pivot  film  thickness  (hp)  of  0.  20, 
0.25,  0.30,  0.40,  0.50,  0.60,  and  0.75  microinches 

•  Logic  to  internally  computed  coefficients  of  nondimensional  polyno¬ 
mials  for  singe-pad  load,  power  loss,  radial  stiffness,  and  pitch  axis 
stiffness  and  load  versus  hp  at  constant  A 

•  Coefficient  of  nondimensional  polynomials  for  pad  inertia  versus 
shaft  mass  for  constant  A  at  the  threshold  of  translatory  whirl  insta¬ 
bility 

•  Routine  based  on  beam  theory  for  computing  two  rigid  body  natural 
frequencies  and  the  first  bending  critical  speed  of  a  system  consist¬ 
ing  of  four  b?.rs,  three  masses,  and  two  bearings 

•  Routine  for  computing  the  increase  in  journal  diameter  due  to  centrif¬ 
ugal  force 

•  Logic  for  testing  film  thicknesses  relative  to  input  criteria 

•  Logic  for  testing  the  proximity  of  the  following  frequencies  relative 
to  the  end  points  of  an  operating  speed  range: 

Shaft  rigid  body  translations  and  rotations 

Shoe  radial  translation 

Shoe  pitch  axis  rotation 

Translatory  self- excited  whirl 

•  Logic  for  varying  the  machined-in  clearance,  preload,  and  preload 
spring  stiffness,  if  frequency  or  film  thickness  tests  are  not  passed 

•  Logic  for  computing  performance  characteristics  if  the  machined-in 
clearance,  preload,  and  preload  spring  stiffness  are  specified 

•  Logic  to  determine  the  pivot  ball  radius  so  the  hertz  stress  will  be 
100,000  psi 

The  original  pad  data  contained  in  the  selector  program  were  produced 
by  a  numerical  solution  of  the  transient  Reynolds  equation.  Because  the  re¬ 
sults  are  based  on  a  disturbance  from  equilibrium,  both  steady- state  and  sta¬ 
bility  data  were  obtained  simultaneously.  All  pad  design  data  are  based  on 
a  pad  arc  length  of  100  degrees,  with  a  pivot  location  of  65  percent  and  a 
length-to-diameter  ratio  of  one. 


*See  Reference  1,  Appendix  VI. 
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•  Low  inertia  pads,  to  provide  high-speed  stability 

•  Soft  spring  mount  of  one  pad,  to  provide  a  relatively  constant  preload 
while  accommodating  centrifugal  and  thermally  induced  dimensional 
changes 

•  Pad  spring  mounting  designed  with  a  limit  stop  to  prevent  excessive 
journal  displacement  during  high  g-loading 

The  potential  for  long,  trouble-free  life  has  been  incorporated  into  the 
journal  bearing  design  by  virtue  of: 

•  Low  journal  bearing  startup  loads  (A  separating,  fully  fluid  film  will 
therefore  be  generated  quickly,  and  wear  debris  will  be  minimized.  ) 

•  Rotating  assembly  balanced  precisely,  to  minimize  journal  bearing 
pfd  pitch  motions  and  therefore  to  minimize  rubbing  motion  at  the 
pivots 

°  Capacitance  probes  incorporated  as  monitoring  devices,  ensure 
that  the  bearings  are  assembled  and  function  properly 

•  Weight  of  rotating  assembly  minimized,  to  reduce  bearing  reaction 
forces  during  high  g-loading 

•  All  bearing  surfaces  hardened  and  ground  to  maximize  wear  life 

•  Shaft  sufficiently  stiff  to  place  the  first  bending  critical  speed  well 
above  the  maximum  operating  speed 

•  Journal  bearing  pivots  designed  with  low  hertz  stresses  to  minimize 
fatigue  and  wear 

Bearing  pads  are  made  from  titanium  carbide.  The  relatively  low  density 
but  high  hardness  of  this  material  provides  the  combination  required  for  both 
maximum  tracking  and  maximum  wear  capabilities.  The  pivots  are  made  from 
tungsten  carbide,  while  the  journals  are  manufactured  from  304L  stainless 
steel  and  are  nitrided.  These  combinations  provide  reduced  wear  and  maxi¬ 
mum  life  capabilities. 

Figure  11  gives  the  design  specifications  for  the  journal  bearings.  The 
three  lumped  weights  and  the  distance  between  the  weights  are  used  in  esti¬ 
mating  the  first  bending  critical  speed.  Poisson's  ratio.  Young's  modulus, 
and  the  weight  density  of  the  journal  material  are  used  to  determine  the  in¬ 
crease  in  journal  diameter  due  to  centrifugal  force.  The  dimensions  and 
weight  density  of  the  pad  are  used  in  computing  the  pitch  axis  inertia,  which 
is  critical  to  the  stability  of  the  system. 

Figures  12,  13,  and  14  show  a  set  of  design  parameters  for  a  machined- 
in  clearance  (difference  between  the  pad  and  journal  radii),  Cp,  of  0.  000625 
inch,  with  loadings  of  Og,  Ig,  and  3g,  respectively.  Calculations  were  made 
for  other  values  of  Cp,  which  indicated  that  Cp  =  0.  000625  inch  was  the  opti- 
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Figure  11.  Design  Specifications  for  Gas-Lubricated  Journal  Bearings 


mum  in  the  sense  of  providing  the  broadest  acceptable  operating  range  for 
power  loss,  stiffness,  minimum  film  thickness,  and  critical  frequencies. 

Past  test  experience  has  indicated  that  a  soft  mounting  spring  will  allow  the 
system  to  tolerate  a  wider  range  of  off-design  conditions  than  will  a  stiff 
mounting  spring.  Startup  is  also  facilitated  by  positioning  the  pad  mounting 
spring  to  produce  a  zero  speed  separation  between  the  shaft  and  the  pad  of 
0  to  300  microinches.  These  two  conditions,  combined  with  the  design  goal 
to  keep  the  minimum  pad  critical  frequency  at  least  25  percent  above  the  op¬ 
erating  speed,  to  ensure  stable  operation,  led  to  the  selection  of  a  1500-pound 
per-inch  mounting  spring  and  a  nondimensional  pivot  film  thickness  of  Up  = 

0.  45  for  the  design  point. 


figures  15,  16,  and  17  give  bearing  parameters  and  performance  at  de¬ 
sign  speed  and  maximum  speed  for  0-g,  1-g,  and  3-g  operation.  A  maximum 


Operating 

Range 


K  *  1500  Pounds  per  Inch 


No  Clamping 
at  Startup 


0.-*  0.6  0.8 

Horsepower  (nondlmcnslonnl) 


Turboalternator  Journal  Hearing  (O-gOperation) 
(Cp  -  0.  000625  Inch  and  Npcsign  =  Ml  .300  Rpm) 


Spring -Loaded  Shoe 


Fixed  Shoe 


**  Fixed  Shoe 
Spring  -Loaded  Shoe 


Operating 

Range 


K  •  1500  Pounds  per  Inch 


No  Clamping 
at  J>t  art  up 


125 -Percent 


Horsepower  (nondlmcnsional) 


Startup 

Clamping  Clearance  Single  Journal  Power  Loss  Pad  Film  Thickness 

(microinches)  (microinchos)  (watts)  (microinches) 


Critical  I^oad  (pounds)  Fourth  Rigid  Body  Critical 


^CONDITIONS  AT  DESIGN  SPFED** 


LAMPDA  (NO)  0.9460 
AMRIENT  PRESSURE  (PSIA)  19.50 
CLEARANCE  (IN)  0.000610 
JOURNAL  DIAMETER  (IN)  0.500009 
PRO.  TRANSVERSE  STIFF.  (I.VI'D  10055.71 
RRO.  VERTICAL  STIFF.  (I.*5/ IN)  4*79. 67 
RRO.  POKER  LOSS  (NATTS)  4.3015 

SHOES  WITH  FIXED  PIVOTS 

LOAD  (LP)  0.9  I  I P 
P IV01'  FILM  THICKNESS  (IN)  0.000276 
PITCH  STIFFNESS  (1H-LP/RAD)  57.0941 
PITCH  CRITICAL  ERFO.  ( RPM )  207488.1 

SHOES  Mini  SPRING  MTO.  PlVOrS 

LOAD  (LP)  0.9112 
PIVOT  FILM  THICKNESS  (IV)  0.000275 
PITCH  STIFFNESS  ( I N-Ln/RAD)  57.7001 
PITCH  CRITICAL  FRIO  (RPV)  204581.2 
TRANS.  CRITICAL  FRED  (RPM)  350361.2 
STIFF  OF  PRELOAD  SPRING  (LP/P)  1500.0 
PIVOT  SOCKET  RADIUS  (IN)  0.067b 
PIVOT  QALL  RADIUS  (IN)  0.0620 


**gfnhral  ci  pjd  it ions** 


•< HlRL  SP"D  LIMIT  (RPM) 

FIRST  PE.  ID  I  NJ  CRIT.  SPD.  (RP1) 
SHAFT  RIGID  IDDY  CRIf  SPU  (PPM) 
SHAFT  RIGID  OODY  CRIT  SPD  (•:-•'.’.) 
SHAFT  R I  Jin  PDDY  CRIT  SPD  (>  PM) 
SHAKO  RIGID  PODY  CRIT  SPD  ( PPM) 
SHOE  PITCH  INERTP  (  I N-LR-?FC2 ) 
PEI  GMT  OF  SHOE  (LR) 

THICKNESS  OF  SHOE  (IN) 

MACH I  NED- IN  CLEARANCE  (IN) 
START-UP  CLAMPING  FORCE  <LR) 
START-UP  CLEAR  ON  TOP  SHOF  (IN) 


4517/2.8 
26;NS  /P.6 

77525.5 
52521.4 
47291  .  I 

72315.6 
0. I257F-06 

0.002252 

0.0450 

0.000625 

°.  r 

0.00026  [ 


Figure  15.  Journal  Bearing  Performance 
(0-g  Operation) 
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SPRING  STIFFNESS  (LB/ IN)  < 

MACHIMEn  IN  CLEARANCE  (IN) 
START  I MG  PIVOT  FILM  THICK. (ND) 
NALL  RADIUS  (IN) 

SOCKET  RADIUS  (IN) 

G  LOADING' 


0. 1 500E+04 
0.000625 
I  0.450000 
0.062000 
0.063500 

0. 


*****GAS  LUBRICATED  JOURNAL  BEARINGS***** 


★★CONDITIONS  AT  MAXIMUM  SPEED** 


LAMBDA  (ND) 

AMBIENT  PRESSURE  (P5IA) 
CLEARANCE  (IN) 

JOURNAL  DIAMETER  (IN) 
BEARING  X-STIEFNLSS  (LP/IN) 
REARING  Y -STIFFNESS  (LB/IN) 
REARING  POLE,?  LOSS  (NATO) 


3.483 
19.50 
0.0  00596 
0.50005P 
1001 3.786 
4562.432 
16.39 


SHOES  WITH  FIXED  PIVOTS 


LOAD  (LR) 

PIVOT  FILM  THICKNESS  (IN) 
PITCH  STIFFNESS  (IN  LP/RAD) 
PITCH  CRITICAL  (PPM) 


I .2061 
0.000346 
63.1129 
213951.8 


SHOES  NIT!!  SPRING  MTD.  PIVOTS 


LOAD  (LB) 

PIVOT  FIL'1  THICKNESS  (IN) 
PITCH  STIFFNESS  (IN  LP/RAD) 
PITCH  CRITICAL  (RPM) 
TRANSLATION  CRITICAL  (RPM) 


1 .2961 

0.000347 

63.0344 

213818.8  _ 

357253.1  CR-241 0-2 


Figure  15,  Journal  Bearing  Performance 
{0-g  Operation)  (Continued) 


★★CONDITIONS  AT  DESIGN  >PEHD*+ 


LAMBDA  (ND)  (i  9460 
AMBIENT  PRESSURE  (P3IA)  |o  ij,i 
CLEARANCE  (IN)  O.Ca>6IO 
JOURNAL  DIAMETER  (IN)  O.snr.QOo 
BRO.  TRANSVERSE  STIPE.  (Lb/IN)  12270.59 
RRO.  VERTICAL  STIPE.  (LB/ IN)  5? | 0.91 
BRG.  POWER  LOSS  (PAH'S)  4. 5570 

SHOES  WITH  PIXEL)  PIVOTS 

LOAD  (LB)  1.062? 
PIVOT  FILM  THICKNESS  (IN)  0.00024N 
PITCH  STIFFNESS  ( IN-L^/RAD)  72.766? 
PITCH  CRITICAL  PRSQ.  (RPM)  229725.0 


SHOES  tilTH  SPRING  MTD.  PIVOTS 
LOAD  (LB) 

PIVOT  FILM  THICKNESS  (10) 

PITCH  STIFFNESS  ( IN-LB/RAD) 

PITCH  CRITICAL  FREO  (RP«) 

TRANS .  CRITICAL  FREO  (RPM) 

STIFF  OF  PRELOAD  SPRING  (LB/IN) 

PIVOT  SOCKET  RADIUS  (IN) 

PIVOT  BALL  RADIUS  (IN) 


★★GENERAL  Cl-P 'DITIONS** 


WHIRL  SPEED  LIMIT  (RPM) 

FIRST  BF;IDI"0  CHIT.  SPD.  (HP’1 ) 
SHAFT  RIGID  BODY  CHIT  SPD  ( RpM ) 
SHAFT  RIGID  BODY  CRIT  SPD  (nP..i) 
SHAFT  RIGID  BODY  CRIT  SPD  ( RP.  ) 
SHAFT  RIGID  BODY  CRIT  SPD  OHM) 
SHOE  PITCH  INERTIA  ( IN-LB-SFC?) 
WEIGHT  OF  SHOE  (I.R) 

THICKNESS  OF  SHOE  (IN) 

MACH  I  NED- IN  CLEARANCE  (IN) 
START-UP  CLAMPING  FORCE  (LB) 
START-UP  CLEAR  ON  TOP  SHOE  (IN) 


4  5 1  7  12.  ■ 
2694 1 3.5 
BS500.5 
MV.  MO.  3 
Bl  976.  '. 
14  737.6 
H.  I  2671:- :76 
0.00225'' 
0.045U 
0. 000625 
0. 

0. 00021 


CR 


0.911 ? 
0.000275 
57.7001 
2 04 55 | .? 
35 0361.2 
I  500.0 
0.0635 
0.0620 


Figure  16.  Journal  Bearing  Performar  je 
(1-g  Operation) 


SPRING  STIFFNESS  (LB/IN) 


0. 1 500E+04 


MACHINED  IN  CLEARANCE  (IN) 
STARTING  PIVOT  FILM  THICK. (NO) 
BALL  RADIUS  (IN) 

SOCKET  RADIUS  (IN) 

G  LOADING 


0.000625 
0.450  000 
0.062000 
0.063500 

I  . 0000 


*****GAS  LUBRICATED  JOURNAL  BEARINGS***** 


♦★CONDITIONS  AT  MAXIMUM  SPEED** 


LAMBDA  (ND) 

AMBIENT  PRESSURE  (PSIA) 
CLEARANCE  (IN) 

JOURNAL  DIAMETER  (IN) 
BEARING  X -STIFFNESS  (LB/IN) 
BEARING  Y -STIFFNESS  (LB/IN) 
BEARING  POWER  LOSS  (WATTS) 


3.433 
19.50 
0.0  00596 
0.500053 
1  I  976.448 
5217.4-38 
17.17 


SHOES  WITH  FIXED  PIVOTS 


LOAD  (LB) 

PIVOT  FILM  THICKNESS  (IN) 
PITCH  STIFFNESS  (IN  LB/RAD) 


1  .45'0 
0.(10035  0 
74.1412 


PITCH  CRITICAL  (RPM) 


231392.5 


SHOES  WITH  SPRING  'TO.  PIVOTS 


LOAD  (LB) 

PIVOT  FILM  THICKNESS  (IN) 
PITCH  STIFFNESS  (IN  LP/RAD) 
PITCH  CRITICAL  (RPM) 
TRANSLATION  CRITICAL  (RPM) 


1.2991 
0.000346 
63.2513 
2 141 86. 3 
357794.7 


Figure  16.  Journal  Bearing  Performance 
(1-g  Operation)  (Continued) 
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CR-2411-2 


-  ^  - . -  • 


★★CONDITIONS  AT  DESIGN  SPEED** 


LAMBDA  (ND> 

AMBIENT  PRESSURE  (PSIA) 
CLEARANCE  (IN) 

JOURNAL  DIAMETER  (IN) 

RRG.  TRANSVERSE  STIFF.  (LR/IN) 
BRG.  VERTICAL  STIFF.  (LB/IN) 
BRG.  POWER  LOSS  (WATTS) 


0.9469 
19.50 
0.000610 
0.500029 
17201 .64 
6961.6! 
5. 0738 


SHOES  WITH  FIXED  PIVOTS 


LOAD  (LB) 

PIVOT  FILM  THICKNESS  (IN) 
PITCH  STIFFNESS  (IN-LB/R/D) 
PITCH  CRITICAL  FREQ.  (RPM) 


I .3642 
0.000206 
106.0393 
277317.3 


SHOES  WITH  SPRING  MTD.  PIVOTS 


LOAD  (LB) 

PIVOT  FILM  THICKNESS  (IN) 

PITCH  STIFFNESS  (IN-LR/RAD) 
PITCH  CRITICAL  FREQ  (RPM) 

TRANS.  CRITICAL  FREQ  (RPM) 

SI  IFF  OF  PRELOAD  SPRING  (LB/IN) 
PIVOT  SOCKET  RADIUS  (IN) 

PIVOT  BALL  RADIUS  (IN) 


0.9112 

0.000275 

57.7091 

204581.2 

359361.2 
1500.0 
0.0635 
0.0620 


★*GENERAL  CONDITIONS** 


WHIRL  SPEED  LIMIT  (RPM) 

FIRST  RENDING  CRIT.  SPD.  (RPM) 
SHAFT  RIGID  BODY  CRIT  SPD  (RPM) 
SHAFT  RIGID  BODY  CRIT  SPD  (RPM) 
SHAFT  RIGID  BODY  CRIT  SPD  (RPM) 
SHAFT  RIGID  BODY  CRIT  SPD  (RPM) 
SHOE  PITCH  INERTIA  (IN-LB-SFC2 
WEIGHT  OF  SHOE  (LB) 

THICKNESS  OF  SHOE  (IN) 

MACHINED- IN  CLEARANCE  (IN) 
START-UP  CLAMPING  FORCE  (LB) 
STAR  1 -UP  CLEAR  ON  TOP  SHOE  (IN) 


451 772. B 
270691 .0 
! 00824.6 
64693.0 
6082  I .3 
39638.3 
0.I257E-06 
0,002252 
J.0450 
0. 000625 
0. 

0.  00012 


Figure  17.  Journal  Bearing  Performance 
(3-g  Operation) 


CR-2412-1 
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•'Sr 


SPRING  STIFFNESS  (LB/ IN)  0.I500E+04 
MACHINED  IN  CLEARANCE  (IN)  0.000625 
STARTING  PIVOT  FILM  THICK. (ND)  0.450000 
BALL  RADIUS  (IN)  0.062000 
SOCKET  RADIUS  (IN)  0.063500 
G  LOADING  3.0000 


*****GAS  LUBRICATED  JOURNAL  BEARINGS***** 


★★CONDITIONS  AT  MAXIMUM  SPEED** 


LAMBDA  (ND)  3.483 
AMBIENT  PRESSURE  (PSIA)  19.50 
CLEARANCE  (III)  0.000596 
JOURNAL  DIAMETER  (IN)  0.500058 
REARING  X-STIFFNESS  (LB/IN)  16294.734 
REARING  Y -STIFFNESS  (LB/IN)  6656.919 
BEARING  POWER  LOSS  (WATTS)  18.74 


SHOES  WITH  FIXED  PIVOTS 


LOAD  (LB) 

PIVOT  FILM  THICKNESS  (IN) 
PITCH  STIFFNESS  (IN  LB/RAD) 
PITCH  CRITICAL  ( RPM ) 


1 .7521 
0.000278 
97.5424 
265983.0 


SHOES  WITH  SPRING  MTD.  PIVOTS 


LOAD  (LB) 

PIVOT  FILM  THICKNESS  (IN) 
PITCH  STIFFNESS  (IN  LB/RAD) 
PITCH  CRITICAL  (RPM) 
TRANSLATION  CRITICAL  (RPM) 


1.2901 
0.000346 
63.2513 
214186.3  r 
357794.7  L 


Figure  17,  Journal  Bearing  Performance 
(3-g  Operation)  (Continued) 
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speed  ol  200,000  rpm  was  strived  for,  but  the  possibility  of  critical  bearing 
pad  frequencies  within  25  percent  of  the  maximum  speed  range  does  exist.  Be¬ 
cause  of  this,  it  will  be  necessary  to  thoroughly  monitor  the  pad  operation  dur¬ 
ing  the  early  development  stages,  to  determine  what  the  critical  pad  frequencies 
are.  It  may  be  necessary  to  limit  the  maximum  speed  to  something  less  than 
200,  000  rpm,  based  on  these  results. 

Figures  18  through  21  give  performance  as  a  function  of  the  eccentricity 
ratio,  e/Co,  at  design  and  maximum  speeds  for  1-g  and  3-g  loadings,  respec¬ 
tively.  Figures  22  through  25  list  the  performance  parameters  used  to  create 
these  plots.  The  "C"  is  the  displacement  directed  between  the  fixed  pivots 
and  the  "Co"  is  the  pivot  circle  clearance  taken  at  the  concentric  position. 

Shoe  3  on  the  pivot  film  thickness  graph  refers  to  the  spring-loaded  shoe; 

Shoes  1  and  2  refer  to  the  fixed  pivot  shoes.  The  Y  axis  on  the  stiffness  curve 
passes  through  the  journal  center  and  the  spring -mounted  pivot;  the  X  axis 
is  orthogonal  to  the  Y  axis,  with  the  origin  at  the  center  of  the  zero-applied 
load  pivot  circle. 

A  complete  summary  of  the  selected  design  is  shown  in  Table  5. 

Table  5 

TURBOALTERNATOR  TILTING  PAD  JOURNAL 
GAS  BEARING  DESIGN  SUMMARY 


Characteristic 

Parameter 

Type 

Three-shoe,  tilting  pad 

Pad  wrap  angle 

1 00  degrees 

Pad  pivot  location,  from  leading  edge 

65  percent 

Pad  material  and  weight  density 

Titanium  carbide,  0.21  pounds  per 
cubic  inch 

Pad  surface  finish 

4  rms 

Diameter 

0.  5  inch 

Pad  length 

0.  5  inch 

Angle  between  pivots 

1 20  degrees 

Journal  material  and  weight  density 

304  stainless  steel,  0.28  pounds 
per  cubic  inch 

Journal  wall  thickness 

0.  25  inch 

Cold  maclr  ied-in  clearance 

0.  000625  inch 

Ball  material  and  surface  finish 

Tungsten  Cf.rbide,  4  rms 

Socket  material  and  surface  finish 

Titanium  carbide,  4  rms 

Preload  spring  stiffness 

1500  pounds  per  inch 

Shoe  pitch  inertia 

1.289  x  1 0"7  inch-pound-square 
seconds 

Nominal  weight  of  shoe 

3.2  x  10”3  pounds 

Nominal  thickness  ol'  shoe 

0.  045  inch  CR-241 7 
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Figure  18.  Turboalternator  Journal  Bearing  Performance  as  a  Function 
of  Pivot  Circle  Eccentricty  (1-g  Design  Speed) 
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Turboaltemator  Journal  Bearing  Performance  as  a  Function 
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Turboalternator  Journal  Bearing  Performance  as  a  Function 
of  Pivot  Circle  Eccentricity  (3-g  Maximum  Speed) 


J 


RUN  NO  1 


•••INPUT*** 


ROTATION*!.  SPEEO«RPH 
AMRIENT  PRESSURE. PSIA 
MACHlNED-IN  CLEARANCE < I N 
VISCOSITY, LR-S/IN..? 
f IXFO  PIVOT  FILM  TK.  IN 
BRO.  r ACf  TO  PI VOT,  IN 


* • 1 4 1 3E  04 
0.1R10E  I? 
O.8’SoE-03 
a.iZ4iF>(« 
0.7480F-I3 
o.8B80F-oi 


AMBIENT  TEMPERATURE. DEO.  R  0.144IE  03 
JOURNAL  DIAMETER, IN  O.SOICt  0* 

PRFLQAO  SPR.  STIFF. LG/tN  0.15IIE  04 
PAD  LENOTM, IN  O.SOIIE  00 

SPRING  PIVOT  HIM  TK.|N  0.37SIE-03 
FIXED  PIVOT  SPACINft.DEO  I.12IIE  03 


•••OUTPUT ••• 


CONC.  PIVOT  FILM  TK.IN 

PIVOT  CIRCLE  ECC  RATIO. NO  0.  0.10  0.70  0.31 

APPLIED  LOAD.  LR  0.  I.1097E  Ot  H.7755E  10  0.3481F  00 

POWER  LOSS,  WATTS  I.4474E  01  C.4579EJI  0.4447E  01  8.4747E  01 

PVT  FILM  TK ,  SHOES  1.7. IN  0  .7448F-03  0.7534E-03  0.74S1F-03  I.7788F-I3 
PIVOT  FILM  TK.  SHOE  3.  IN  S.7648E-03  0.7774E-03  0.2785E-0J  0.7843E-03 
RRG  STirr  X  OIR,  lR/IH  O.IOAOF  OS  O.miE  OS  0.1781E  os  0.1433E  OS 

PRO  STirr.  Y  DIR.  L8/IN  0.44VVE  04  0.S041E.04  0.S487E  04  0.S977E  04 

PIVOT  CIRCLF  CLEARANCE. IN  0.7448F-03  0.3S98E-03  0.7579E-03  0.74S9E-03 


0.40  0.S0 

0.4870E  00  0.4755E  00 
0.4903E  01  O.SOS2E  01 
O.7134E-03  0.7II1E-03 
O.'TllE-ll  0.3980E-03 
0.1611E  OS  0.1870E  OS 
0.4SS8E  04  0.7740E  04 
0 . 7393E-03  0.7327E-03 


PIVOT  CIRCLE  ECC  RATIO. NO  0.43 
APPUFD  LOAO.  LR  0.7744E  00 

POWER  LOSS.  WATTS  0.S727F  01 

PVT  FILM  TK.  SHOES  1.7. IN  0.1848F-03 
PIVOT  FILM  TK.  SHOE  3.  I  N  J) ,  30  4  3E-03 
BRO  STirr  X  OIR,  LB/IN  0.7044E  OS 
BRO  STirr.  Y  OIR.  lU/IN  0.8047E  04 
PIVOT  CIRCLF  CLEARANCE. IN  0.77S0F-03 


0.70  0.80  0.90  1.00 

0.9413F  40  0.1173E  01  0.1333E  01  0.1S94E  01 
0.S404F  II  0.S411E  01  I.SB29E  01  0.4I38E  01 
0.1734F-I3  0.1401E-03  0.1448E-I3  0.1334E-I3 

I.31ZIE-03  • . 3193E-J3  JL.3768 E -13  I.JJJilE-U _  . 

0.7348E  OS  I.2473E  IS  I.303SE  IS  I.3418E  IS 
0.697 IE  14  I.1II4E.IS  0.1173E  IS  0.1748E.I9 
0.7194F-I3  0.7131E-I3  0.7047E-03  I.ZII4i-03 


CR-2415* 


Figure  22.  Helium-Lubricated  Hydrodynamic  Tilting  Pad  Journal  Bearing 
Performance  Characteristics  for  Load  Between  Fixed  Pivots 
(Design  Speed,  Run  1) 


RUN  Nr  l 

•  ••INPliT  ••• 

ROTATIONAL  SPEE C.RPH  {TTJtTOffL  06  "ambient  T£M?EP*TURE.DCC_r  0.3650E  03" 

ahBIEnT  PRESSURE. PSIA  O.U50E  02  JOURNAL  DIAmETER. In  0.5000E  00 

HACHIMED-IN  CLEAR ANCE.TN  0.6250E-03  "PRELOAD  SPR.  ^TIETTlITlH  O.ISOOE  04 
VISCOSITY, lB-S/!n*»2  0.3070E-08  PAD  LENCTM.IN  0.5000C  00 

FlxCO  PIVOfTrt'M  Tk.IN  "0.3200C-03  SPRING  PlVOf  PltM  TK.IN  0.3460C-03 
BRC.  FACE  TO  PIVOT. IN  O.aBOOE-OI  FIXED  PIVOT  SPACING. DEC  0.1200E  03 


•  •  ‘OUTPUT  •  •• 


_ _.C0NC.  PIVOT  EIU.M_1K.1N 

PlVoT  CIrCLE  ECC  rAtIo.NO  0. 

APPLIED  LOAD,  L8 _ Q, 

POWER  LOSS.  WATTS  0 . 1 6>7E" 

PVT  FILM  TK.  SHOES  1.2. IN  n.336iC* 
PIVOT  FILM  TR.  SHOE  3."  IN  0.336t£ 
SRC  STIFF  X  OIR.  L8/IN  Q.IIO?1- 
0Rtf  57TF?.  Y  OIR.  L8/fN  0.4«l«£ 
PIVOT  CIRCLE  CLEARANCE. IN  0.338iE- 


0.10 

0.1425E  On  0. 


02  0.I712E  o?  0 
03  0»3212E"0l_.O 
03  0.3453E-03  0 
OS  0. 123 1C  OS  0 
04  O«S330E  04  0 
'03  Q.3293E-Q3  Q 


0.20 

2938E  op 


l7s9Co2 

3043E-03 
352^E-o3 
136JE  05 
562fE  04 
32Q5E-Q3  0 


0.30 

,4558E  00 
j'BTsE  02 
,?674E-03 
i,y6o3E-o3 
,tS54E  05 
6302ET  04 
'31 I7E-Q3 


0.40  0.50 

0.6333E  QO  Q.8273E  00 
0.(4751  02  0.1V44E  02 

0.38 021- o3  0.3784E-03 

Q.17I4L  p5  0 • J 9* 3E  05 
077044l  04  0.7794E  04 
0.3Q30E«q3  Q.2945E-Q3 


PIVOT  CIrClE  ECC  pArlo.NO  0.4:  0.70  *  0.40  0.45  I. 00 

APPLIED  LOAD.  LB  o •  1 0 4 1 E  01  0.1276E  01  0.1548E  01  0.18S4E  01  0.2213E  01 

POWER  W8r."NATrs“  ~  o«2o23E  o2  0.?il2E  02  0.2212E  o2  0.2321E  o*“T.W6r  0T 

PVT  FILM  TK.  SHOES  1.7. IN  o«2387E»o3  0.2198£-03  0.202«E-o3  o.l*60E-o3  0-lS®lE-o3 

- PTVffTTILTrTK."5H0E  3.  I  rJo  .Jim  E-'o3"6'.39j3£-63"6'.  *o?Te=  0T  oT4li7E-oJ  ft."42I4r-05 

BRC  STIFF  X  OIR.  L8/IS  o*2246E  05  0.254«E  05  0.2«0lE  05  0.3315E  05  Q.36i7E  o5 
"Tf&iTSTIl'Til?  OIT^tim  — BYTC55E-M-IT.9C4  8E  04  0.I080E  05  O.I2I6£  TJF  V. n»2E-05‘frR.2,^7r| 
pIvoT  CIrCLE  CLEARANCE, IN  o*2«60C-03  0.2776E-03  0.2693E-03  0.2612E-03  0.233lE-o3l 


Figure  23.  Helium -Lubricated Hydrodynamic  Tilting  Pad  Journal  Bearing 
Performance  Characteristics  for  Load  Between  Fixed  Pivots 
(Maximum  Speed,  Run  1) 
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RUN  NO  2 


••• INPUT •  •• 


POTATIONU  SPEEDi  NPH.  9.1413E  10  AHDIENI  1EMPE  RA  JURE .  OEC  R  0.1448E  S3 
AMBIENT  PRESSURE. PSU  8.199IE  I?  JOURNAL  DIAMETER. IN  8.9B80E  88 
HACHlNEO-tN  CLEARANCE. IN  8.A79IE-83  PRELOAD  SPA.  STirr.LR/lN  I.1908E  84 
VISCOSITY, LB-S/ IN. *2  8.174SE-8*  PAO  LENGTH. I N  8.5AB8EAI 
riTfn  PIVOT  FILM  TK.IN  8.7B6IE*I3  SPRING  PIVOT  rtLH  TK ,  IN  8.779BF-83 
RRO.  TACE  TO  PIVOT. IN  8.AMIE-A1  EIVFII  PIVOT  SPACING, DEO  S.T288E  13 


•••OUTPUT*** 


CONC.  PIVOT  riLM  TR.IN 
PIVOT  CIRCLE  FCC  RATIO. NO  I. 
applied  load,  lb  r. 

POWER  LOSS.  WATTS  _  8.4684E  81 

PVT  riLN  TIC.  SHOFS  1.7. IN  R.7943F-83 
PIVOT  FILM  TR.  SHOE  3.  IN  8.7949E-83 

bro  stirr  »  oir.  lr/in  i.ihif  as 
RRO  STIfr.  V  OIR.  LB/ I N  8.5897E  14 
PIVOT  CIRCLE  CLEARANCE .IN  R.7949F-83 


8.18  8.78  8. 38  1.48  8.98 

9.1118E  81  R.7798F  88  8.3939E  88  8.4R9RF  88  8.6386E  81 

t. 4718E  81  8.4B27E  81  8.49SAE  81  8.S89AE  81  8.9793L  81 

8.741RE-S3  8.7291E-83  0.7183E-83  8.7836F-8J  8.1V89E-83 
4.7997E-R3  8.7649E-B3  I.7788E-83  B.7768E-83  8.7B14E-83 
8.1763E  19  8.1484F  89  8.1969F  89  R.17A1E  89  8.19R4E  89 

I.9497E.84  8.9978E  84  8.8499F  84  8.78R7E  84  8.7B28E  84 

9.747RE-B3  8.7418E-83  8.7347F-83  8.7777E-83  B.7718E-83 


PIVOT  CIRCLF  FCC  RATIO. NO 
APPLIFO  LOAn.  lb 
POWER  LOSS.  WATTS 
P  V I  FILM  Ta.  SHOES  1.7.  IN 
Pivot  riLH  TIL.  SHOE  3.  IN 
BRO  STIFF  *  OIR.  LB/IN 
BRO  STtrr.  T  OIR.  LB/  IN 
pgvo/  CIRCLF  CLEARANCE . In 


8.68 

8.7877E  88 
8.9477E  81 
8.1787E-83 
I.2A79E.-I3 
8.7747E  89 
8.8667E  84 
8.7147F-83 


8.78  8.R8  8.98 

8.4974F  88  8.1149F  81  8.1378F  81 
8.9A14E  81  8.9R14E  81  8.A877E  81 
8.1694E-83  9..  1927E-83  8.1  48BE-83 
I.U33E-I3  I.38I7E-83  I.3BZ3F-83 
8.7937F  89  8.7BA9F  89  8.377BF  89 
8.9639F  84  8.18732.89  8.1191E  89 
8.78R1E-83  8.7R2«E>83  8.1998F-83 


1.88 

8.1661F  81 
8.A284F  81 
8.1773F-B3 
8.3147E-13  . 

8.3993F  R 9 
8.131  IE  89 
8.1R9AF-83 
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Figure  24.  Helium  -  Lubricated  Hydrodynamic  Tilting  Pad  Journal  Bearing 
Performance  Characteristics  for  Load  Between  Fixed  Pivots 
(Design  Speed,  Run  2) 


RUN  NO  2 


•  ••  INPl'T  •  •  » 

A6TATldNAL'smc.RPH  OTZEOCe  06  AMBIENT  Vf*^lAATu«I#T5mi*TiT58WF  03 — 

ahQie.t  jirESSUrE. rjIA  0.1930C  02  J0UAn*L  D.AhEtER.Is  O.SOOOE  00 

H4CH|»tS-|N  CLEARANCE. Jv  0.625OE-03  PRELOAD  9PR.  STirr.Ld/|W  c.lSOoE  04 

VlSC0SlTr,L9-S/lN..2  0.3070E-06  PAD  LE^C.h.lN  O.SOOOE  00 

FUEC  PIVOT  flLH  Tk.IN  0.278oE-03  5PR1NC  PIVOT  FILM  TP.In  o.348oE-03“ 

BBC.  FACE  TO  PIVOT. IN  O.AACOE-OI  rUED  PIVOT  SPACING. CEC  0.I2Q0E  03 

•••OUTPUT ••• 


CONC.  P|VOT.r|LP  TRa|N 
PIVOT  CIRCLE  ECC  RATIO. NC  C. 

4PPLUJ  LOAD.  LB  o. 

Pfl«ElTTl  95.  «fw  O.I723E  02 

PVT  FILM  SHOES  1«2»1N  0,32A4t-o3 
PIVOT  FILM  TfT.  SHOE  3*  T>.  o.328aE--03 
BRO  STIFF  t  DIR.  L9/1N  O.U69t  n9 

BRC  STIFf.-Y  DIK.  L0/IN  0.52285  0a 

pivot  circle  clearance. in  o.3284t-o3 


0.10 

0.14A7E  On 

c.iTOTo? 
0«3|00E*C3 
0.3330E-03 
0 . 1 3?7f  53 
0.5679E  04 
0.3|77C-Q3 


0.20 

0.29B1E  op 
0.|6l4E  02 

U.2937E-03 
C.3398E-03 
0.J486E  OS 
0.6199E  04 
0.3q9qE-03 


0.30 

O.aASoE 

o.WjT" 

0.227AE- 

0.3466E- 

o.teeoE 

0.679JE 

0.3005E- 


0.40 

55  Q.AaAaC 
02  0.1V37F  0 
03  0»28| |E"03 
03  0«3539r*o3 
05  p. 1677E  o5 
04  0.7479E-0A 

03  0.2920E”03 


0.S0 

Q.649QE  QO 


00  Q.6AS0E 
02  0.2007F 


0.200/E  02 
O^AAAE'uS 
b.36|4r-0J 
Q.2II3E  03 
0 •  A2A 08  04 
0«2A3AE*o3 


PIVOT  CIrClE  ECC  RArtO. NC 
APPLIED  LOAD.  LB 
POWER  L05S.  VaTTS 


~n>7*b  o.^5  “  o.eo  6.9o  l.do 

0 • I 0« 1 E  01  0»l3p4E  01  0« |36qE  ol  0.IA97E  01  0.2269C  ol 
O*20«8E  02  O.2178E  02  6.2278E  02  0.2387T  bS 'b'.25b3r  o2 


_ pvTqEILH^TK.  0«2264E-q3  Q.21?lE-Q3  0*l?5JE-o3^  Q.l79SE«Q3  Q.U32E-qJ 

Bflc  STIFF  *  n|R»  L^F | v  0*2388E  05  0 ! 270 1 C  05  d3085E  o5  oIoaOSE  05  0.4021E  05 
BKC  STlFfi  V  ulR,  LB/TV  0*'Vf55E  04  O.T0i8E  05  0.H38E  05  0  .T279E  TJ5  TJ.T4535  55 
PIVOT  CIRCLE  CLEAPANCE.lt.  o*275|E-C3  0.28e8£-o3  0*2587E-o3  0.25oTE»o3  0*2A28E-o3 
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Figure  25.  Helium- Lubricated  Hydrodynamic  Tilting  Pad  Journal  Bearing 
Performance  Characteristics  for  Load  Between  Fixed  Pivots 
(Maximum  Speed,  Run  2) 
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THRUST  BEAMING  DESIGN 


Procedure 

The  selection  criteria  for  the  thrust  bearing  were  essentially  the  same  as 
those  for  the  journal  bearing;  the  design  goal  film  thickness  corresponding  to 
the  maximum  load  was  assigned  in  advance  of  the  thermal  distortion  data. 

The  design  criteria  used  in  selecting  the  thrust  bearing  were: 

•  Maximum  design  load:  3.0g 

•  Minimum  film  thickness:  100  microinches  with  parallel,  undistorted 
bearing  surfaces  at  maximum  load 

•  Stable  operation  with  minimum  possible  gimbal  pivot  friction  and 
damping  from  zero  net  load  to  maximum  load 

•  Minimum  power  loss 

•  Minimum  outside  diameter 

•  Maximum  gas  film  moment 

•  No  rigid  body  natural  frequencies  in  speed  or  load  range 

•  Maximum  stiffness  over  the  operating  range 

The  general  thrust  bearing  design  procedure  consists  of  the  following  prin 
cipal  steps: 

1.  Set  up  the  criterion  for  selection. 

2.  Optimize  the  load  capacity  with  respect  to  the  film  thickness  for 
axially  stable  face  geometries. 

3.  Determine  the  bearing  and  gimbal  ring  moments  of  inertia  and  the 
pivot  friction  characteristics  necessary  to  provide  suability  with  a 
misaligned  thrust  runner  for  both  axial  translation  of  the  rotor  and 
angular  rotation  of  the  gimbal  ring. 

The  spiral  groove  thrunt  bearing  selector  program  for  uniform  clearance 
was  used  to  obtain  design  and  performance  parameters.  This  same  program 
was  used  (or  the  spiral  groove  bearings,  to  compute  the  film  righting  moment 
at  a  load  ot  approximately  3  g.  Pivot  characteristics  were  then  computed  so 
Uie  pivot  friction  moment  equaled  the  film  moment  with  collar  misalignment 

n  t  tnf>  mflvJmnm  0 


I  he  spiral  grjove  thrust  bearing  selector  program  for  uniform  clearance 
was  used  to  first  evaluate  the  thrust  bearing  design.  The  program  is  based  on 
analytical  expressions  for  computing  the  load  capacity  of  a  spiral  groove  bear- 
ing  with  a  uniform  film  thickness.  In  addition,  the  power  loss,  axial  stiffness, 
and  tilt  stiffness  are  computed.  Several  other  parameters,  such  as  the  Rey- 


nolds  number,  are  computed  and  listed  to  aid  in  the  design  selection.  When 
the  bearing  design  parameters  have  been  selected,  a  plotting  program  is  used 
to  compute  and  plot  performance  characteristics  for  a  double-acting  bearing. 

The  principal  parameters  for  the  bearing  design  study  are: 

•  Outside-diameter-to-inside-diameter  ratio 

•  Design  film  clearance  at  which  the  load  is  to  be  optimized 

For  a  small  value  of  optimized  film  clearance,  the  load-versus-clearance 
curve  will  have  a  steep  slope,  maximizing  the  film  thickness  at  a  high  load  at 
the  expense  of  the  film  thickness  at  a  lower  loading.  This  film  thickness  is 
normally  selected  as  a  compromise  between  the  film  thickness  safety  margin 
at  the  maximum  load  and  the  stiffness  at  normal  operating  conditions. 

The  design  parameters  are  usually  selected  so: 

•  Mach  number  is  less  than  0.8  at  the  outside  diameter. 

•  Minimum  number  of  grooves  is  less  than  the  maximum  number  of 
grooves.  The  minimum  number  is  based  on  minimizing  the  groove 
entrance  effects.  The  maximum  number  is  based  on  manufacturing 
considerations. 

•  Relative  swash  amplitude  is  less  than  0.  15. 

•  Reynolds  number  is  less  than  1500. 

•  Bearing  A  is  less  than  50. 

•  Convective  and  transient  inertias  are  much  less  than  one. 

•  Steady-state  and  dynamic  local  compressibility  are  much  less  than 
one. 

•  Thrust  runner  tip  speed  is  less  than  800  feet  per  second. 

On  the  basis  of  comparing  the  load  capacity  predicted  by  this  program 
with  available  experimental  data,  the  theoretical  load  capacity  and  stiffness 
are  multiplied  by  0.  75,  as  a  safety  factor. 

Performance 


Figure  26  shows  the  general  arrangement  of  the  thrust  bearing  assembly. 
The  principal  features  of  the  design  are: 

•  Two  spiral  groove  faces  provide  bidirectional  axial  load  support 
(See  Itenr.a  1  and  2,  Figure  26). 

•  Each  thrust  bearing  is  independently  gimbaled  (Items  3  and  4). 

•  Ball-socket  combinations  are  used  for  pivots  (Item  5) 
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•  One  ball  stem  of  each  pivot  pair  is  mounted  on  a  leaf  spring  (Item  6). 

•  Leaf  springs  give  design  control  over  thrust  bearing  oscillation  by 
determining  the  breakaway  moment  about  the  pivot  axes. 

•  Design  breakaway  moment  is  slightly  greater  than  the  film  moment 
that  exists  under  normal  operating  conditions. 

•  Force  on  the  ball-socket  joint  is  controlled  by  positioning  a  set 
screw  (Item  7). 

•  Thrust  faces  contain  etched  logarithmic  spiral  grooves  that  generate 
load  support  by  hydrodynamic  action  (Item  8). 

•  Groove  geometry  is  optimized  for  load  capacity  with  respect  to  mini¬ 
mum  film  thickness. 


The  thrust  faces  are  manufactured  from  beryllium -copper,  because  it  is 
material  that  has  been  used  successfully  in  the  past  for  cryogenic  expanders. 
All  other  parts  are  machined  from  304L  stainless  steel.  In  addition,  the  gim- 
bal  balls  are  made  from  tungsten  carbide,  and  Ihe  sockets  are  nitrided  and 
lapped  for  wear  resistance. 


Figure  26.  Typical  Thrust  Bearing  Assembly 
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Using  Figure  27  as  a  basis,  the  principal  dimensions  of  the  thrust  face 
were  established.  To  evaluate  the  sensitivity  of  the  depth  of  the  groove  on 

Outside  Diameter 


igure  27.  Geometry  Showing  Radial  and  Angular  C  oordinates  for  Drawing 
Logarithmic  Spiral  Grooves  in  Flat  Thrust  Face 

this  design,  three  different  groove  depth  designs  were  considered.  Figure  28 
shows  the  load  capacity  as  a  function  of  the  one -side  film  thickness  for  the 
three  values  of  the  groove  depth  considered  and  for  an  outside-diameter-to- 
inside-diameter  ratio  of  2.  06.  Figure  29  shows  the  power  loss  as  a  function 
of  the  one-side  film  thickness  for  the  same  three  groove  depths  and  outside- 
diameter-to-inside -diameter  ratio.  This  ratio,  which  makes  the  bearing  out¬ 
side  diameter  1.  125  inches,  was  selected  as  the  optimum  compromise,  based 
on  minimizing  power  loss,  maximizing  load  capacity,  and  minimizing  groove 
entrance  loss  effects.  Based  on  maximizing  the  film  thickness  at  a  3 g  thrust 
load,  a  groove  depth  of  0.  00152  inch  was  selected. 

Figures  30  and  31  give  bearing  parameters  and  performance  characteris¬ 
tics  at  design  and  maximum  speeds.  These  computer  outputs  represent  the 
design  and  maximum  speed  performance  expected  from  one  thrust  bearing 
face  only. 
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Groove  Depth  =  915  Microinches 


Groove  Depth  =  213  5  Microinches 


Groove  Depth 
=  1520  Microinches 


Clearance  (microinches) 


figure  29.  Power  Versus  One -Side  Clearance 


★★★INPUT*** 


DESIGN  RUN  NUMBER  430732 


SPEED, RPM 
TEMPERATURE,  DEG. R 
BEARING  ID, IN. 

AMBIENT  PRESS., PSIA 
SR ASH  ANGLE, DEG 
NT  DEN  BRG  MAT, LB/ I N3 
SHAFT  WEIGHT, LB 


0. 141  3E+06 
0.  I 440E+03 
0. 5470E+00 
0. 1  950E+02 
0. I 950E-02 
0. 2830E+00 
0.3020E+00 


GROOVE  LT/BRG  WIDTH 
GROOVE/RIDGE  WIDTH 
GROOVE  ANGLE, DEG 
EXP  COEFF. BRG, IN/IN  F 
EXP  COEFF. RUN, IN/ IN  F 
MIN  ALLOW.  RIDGE  W, IN 
CLEAR  AT  OPT  GRV.O, IN 


0.7300E+00 
0. 1930E+0I 
0.71 20E+02 
0.7000E-05 
0.7  000E-05 
0. 2300E-0 1 
0. 5000E-03 


★★★OUTPUT*** 


MACH  MO.  AT  QD 
OIMFIAL  MTD  BRG  TK.  ,IN 
MAX  NO.  OF  GROOVES 
MOLECULAR  MFP,  IN. 
GROOVE  DEPTH,  IN. 


0. 3736E+00 
0.  I  I  60E+00 
32 

0. ] 393E-05 
0. I 525E-02 


MIN.  NO.  GROOVES 
VISCOSITY, LB-SEC/IN2 
BEARING  OD,  IN. 

BRG.  INER.  I N-LB-SEC2 
TIP  SPEED,  FT/SEC 


27 

0. I240E-08 
0. 1  I27E+0I 

0. 6427E-05 
0. 6947E+03 


CLEARANCE,  MICRO  INCHES 
LOAD,  LB 
POWER,  WATTS 

RELATIVE  SWASH  AMPLITUDE 
MAX  DISTORTION  TO  CLEAR  RAT. 
AXIAL  FREQUENCY, CPM 
TILT  FREQUENCY,  CPM 
AXIAL  STIFFNESS  LB/IN 
TILT  STIFFNESS  IN-LB/RAD 
EFFECT.  VIS.  LB-SEC/ I N**2 
REYNOLDS  NO. 

LAMBDA 

CONVECTIVE  INERTIA  RATIO 
TRANSIENT  INERTIA  RATIO 
LOCAL  COMPRESS.  RATIO, SS 
LOCAL  COMPRESS.  RATIO, DYN 


50 

0.342  I E+01 
0.3745E+02 
0. 1 701E+39 
0. I 593E+0 1 

0. 

0 

0. 

0. 

0. 1 062E-08 
0.2633E+02 
0. 36B7E+03 
0.2387E-0  3 

0. 

0.2883E+0 I 

0. 


150 

0.2979E+0 1 
0.1 452E+02 
0. 1 533E+00 
0.1 957E+00 
0.2794E+05 
0.91 23E+05 
0.6700E+04 
0. 5866E+03 
0. 1 1 74E-08 
0.7900E+02 
0.4097E+02 
0.2 I49E-02 
0.51 87E+00 
0 . 3203E+00 
0. 1 474E-01 


250 

0. 2203E+0 1 
0.929 1 E+01 
0.8653E-0 1 
0.71 99E-0 1 
0.288 1 E+05 
0.9407E+05 
0.71 24E+04 
0.6237E+03 
0.11 99E-08 
0.1 31 7E+03 
0. 1475E+02 
0. 5968E-02 
0.6006E+00 
0.  1  153E+00 
0. 5473E-02 


CLEARANCE,  MICROINCHES 
LOAD,  LB 
POWER,  W ATI'S 

RELATIVE  SWASH  AMPLITUDE 
MAX  DISTORTION  TO  CLEAR  RAT. 
AXIAL  FREQUENCY, CPM 


350 

0. I 509E+01 
0. 6949E+0 1 
0.7865E-01 
0. 3707E-0 1 
0. 2554E+05 


450 

0. 1 004E+01 
0.561 0E+01 
0.897  3E-0 1 
0. 2254E-01 
0.21 09E+05 


550 

0.6708E+00 
0.4736E+01 
0. 1 136E+00 
0. 1514E-01 
0. 1 6°5E+05 
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Figure  30.  Helium-Lubricated  Spiral  Groove  Thrust  Bearing  Parameters 
and  Performance  (Design  Speed,  One  Side,  Ratio  of  Outside 
Diameter  to  Inside  Diameter  =  2.06) 
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TILT  FREQUENCY,  CPM 
AXIAL  STIFFNESS  LB/IN 
TILT  STIFFNESS  IN-LB/RAD 
EFFECT.  VIS.  LB-SEC/ IN**2 
REYNOLDS  NO. 

LAMBDA 

CONVECTIVE  INERTIA  RATIO 
TR ANSI  EOT  INERTIA  RATIO 
LOCAL  COMPRESS.  RATIO, SS 
LOCAL  COMPRESS.  RATIO, DYN 


0 . 8339E+05 
0. 5598E+04 
0.4901 E+03 
0. 121  IE-08 
0. I 843E+03 
0. 7525E+0 I 
0. I I70E-0I 
0.594  I E+00 
0. 5884E-0 I 
0. 2475E-02 


0. 6885E+05 
0.381 7E+04 
0. 3342E+03 
0. 1  21 7E-08 
0.2370E+03 
O.4552E+0I 
0. I 934E-0I 
0.5443E+00 
0. 3559E-0 I 
0.1 236E-02 


0. 5534E+05 
0. 2466E+04 
0.21 59E+03 
0. 1  22  IE-08 
0. 2897E+03 
0 . 3047E+0 I 
0. 2889E-OI 
0.4829E+00 
0.2383E-0 I 
0. 6652E-03 


CLEARANCE,  MICRO  INCHES 
LOAD,  LB 
POWER,  WAITS 

RELATIVE  SWASH  AMPLITUDE 
MAX  DISTORTION  TO  CLEAR  RAT. 
AXIAL  FREQUENCY, CPM 
TILT  FREQUENCY,  CPM 
AXIAL  STIFFNESS  LB/ IN 
TILT  STIFFNESS  IN-LB/RAD 
EFFECT.  VIS.  LB-SEC/IN**2 
REYNOLDS  NO. 

LAMBDA 

CONVECTIVE  INERTIA  RATIO 
TRANSIENT  INERTIA  RATIO 
LOCAL  COMPRESS.  RATIO, SS 
LOCAL  COMPRESS.  RATIO, DYN 


650 

0. 4566E+00 
0.41 I8E+0I 
0. I 499E+00 
0. I087E-0I 
0. I 358E+05 
0. 4433E+05 
0. I582E+04 
0. I 385E+03 
0. I224E-08 
0. 3423E+0  3 
0.21 82E+0 I 
0.4035E-0 I 
0.4249E+00 
0. 1 706E-0 1 
0.381 5E-0 3 


750 

0.31 84E+00 
0. 3655E+0 I 
0. I 997E+00 
0.81 75E-02 
0.1 095E+05 
0. 3575E+05 
0. I 029E+04 
0 . 9009E+02 
0.1 226E-08 
0. 3950E+03 
0.1 639E+0I 
0 . 5372E-0 I 
0. 3750E+00 
0.1281 E-0 1 
0.231  IE-03 


850 

0. 2277E+00 
0. 3294E+0 I 
0.2649E+00 
0. 6373E-02 
0.893 1 E+04 
0.291 6E+05 
0.6B44E+03 
0.5992E+02 
0. I  22 7 E-0 8 
0. 4477E+03 
0. I 276E+OI 
0. 68 99 E-0 I 
0.  3333E+00 
0, 9976E-02 
0. I467E-03 


CLEARANCE,  MICRO  INCHES 
LOAD,  LR 
POWER,  WATTS 

RELATIVE  SWASH  AMPLITUDE 
MAX  DISTORTION  TO  CLEAR  RAT. 
AXIAL  FREQUENCY, CPM 
TILT  FREQUENCY,  CPM 
AXIAL  STIFFNESS  LB/ IN 
TILT  STIFFNESS  IN-LB/RAD 
EFFECT.  VIS.  LB-SEC/ I N**2 
REYNOLDS  NO. 

LAMBDA 

CONVECTIVE  INERTIA  RATIO 
TRANSIENT  INERTIA  RATIO 
LOCAL  COMPRESS.  RATIO, SS 
LOCAL  COMPRESS.  RATIO, DYN 


950 

0. I 666E+QO 
0. 3003E+0 I 
0. 3478E+00 
0.5 ! 07E-02 
0. 7373E+04 
0. 2407E+05 
0. 4664E+0  3 
0.4033E+02 
0.  I22  9E-03 
0. 5003E+03 
0 . 1  02  I E+0 I 
0.861 8E-0 I 
0.2988E+00 
0. 7986E-02 
0. 9697E-04 


1050 

0.1 245E+00 
0.2764E+0) 
0.4509E+00 
0.41 84E-02 
0.61 59E+04 
0.201 IE+05 
0.32 55 E+03 
0.2850E+02 
0. I 230E-08 
0. 5530E+03 
0 . 836  I  E+00 
0. I 053E+00 
0.2  702E+00 
0.6538E-02 
0.663IE-04 


1150 

0. 9487E-0 I 
0. 2563E+0 I 
0.5771 E+00 
0. 3490E-02 
0.5202E+04 
0. I 698E+05 
0.2322E+03 
0.2033E+02 
0. 1  23  IE-08 
0. 6057E+03 
0. 6970E+00 
0. I  2 63 E+00 
0. 2463E+00 
0.5450E-02 
0.4670E-04 


CR-2420-2~j 

Figure  30.  Helium-Lubricated  Spiral  Groove  Thnmt  Bearing  Parameters 
and  Performance  (Design  Speed,  One  Side,  Ratio  of  Outside 
Diameter  to  Inside  Diameter  =  2,  06)  (Continued) 
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CLEARANCE,  MICRO INCHES 
LQhD,  lr 
POWER,  WATTS 

RELATIVE  SWASH  AMPLITUDE 
MAX  DISTORTION  TO  CLEAR  RAT. 
AXIAL  FREQUENCY, CPM 
TILT  FREQUENCY,  CPM 
AXIAL  STIFFNESS  LB/IN 
TILT  STIFFNESS  IN-LR/RAD 
EFFECT.  VIS.  LR-SEC/IM**2 
REYNOLDS  NO. 

LAMBDA 

CONVECTIVE  INERTIA  RATIO 
TRANSIENT  INERTIA  RATIO 
LOCAL  COMPRESS.  RATIO, SS 
LOCAL  COMPRESS.  RATIO, DYN 

CLEARANCE,  MICRO  INCHES 
LOAD,  LB 
POWER,  WAITS 

RELATIVE  SWASH  AMPLITUDE 
MAX  DISTORTION  TO  CLEAR  RAT. 
AXIAL  FREQUENCY, CPM 
TILT  FREQUENCY,  CPM 
AXIAL  STIFFNESS  LB/ IN 
TILT  STIFFNESS  IN-LR/RAD 
EFFECT.  VIS.  LR-SEC/ IN**2 
REYNOLDS  NO. 

LAMBDA 

CONVECTIVE  INERTIA  RATIO 
TRANSIENT  INERTIA  RATIO 
LOCAL  COMPRESS.  RATIO, SS 
LOCAL  COMPRESS.  RATIO, DYN 


1250 

0. 7349E-0  I 
0.2391 E+0 1 
0.  7293E+00 
0.2956E-02 
0.4439E+04 
0. I 449E+05 
0. 1691E+03 
0. 1 480E+02 
0. 1 23 1 E-08 
0.6584E+03 
0.5900E+00 
0. 1 492E+00 
0.226 1 E+00 
0.461 3F-02 
0.3372E-04 

1  550 

0.3715E-01 
0. 1 999E+Q1 
0.  I  37  6  E+0  1 
0. 1 925E-02 
0.2902E+04 
0. 9475E+04 
0. 7223E+I  )2 
0.6  328E+0  1 
0. 1 233E-03 
0.81  64B+Q3 
0.3837E+00 
0. 2294E+00 
0. I 816E+00 
0. 3G0OE-O2 
0. 1 434E-04 


1350 

0.5779E-01 
0 . 2243E+0 1 
0.91 07E+00 
0. 2536E-02 
0.3322E+04 
0.  124RF+05 
C.I253E+03 
0.1 097E+02 
0. I232E-0R 
0.71 10E+03 
0.505RE+00 
0.  1 740E+00 
0.2090F+00 
0. 3°55E-02 
0.24S9E-04 


1450 

0. 4606E-0 1 
0.21 1 3E+01 
0.  1  U5E+0I 
0.21 99E-02 
0.331 8E+04 
0. 1083E+05 
0. 9448E+02 
0. 8272E+01 
0. 1232E-08 
0. 7637E+03 
0.4384E+00 

o^oosf^oo 

0. 1 943E+00 
0 . 3428E-02 
0. 1873E-04 
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Figure  30.  Helium-Lubricated  Spiral  Groove  Thrust  Bearing  Parameters 
and  Performance  (Design  Speed,  One  Side,  Ratio  of  Outside 
Diameter  to  Inside  Diameter  =  2.  06)  (Continued) 


*** I nput ★★★ 


DESIGN  RUN  NUMBER  430734 

SPEED, RPM  0.2000E+06  GROOVE  LT/RRG  WIDTH  0.7300E+00 
TEMPERATURE, DEG.R  0.5850E+03  GROOVE/RIDGE  WIDTH  0. I930E+0I 
BEARING  ID, IN.  0.5470E+00  GROOVE  ANGLE, DEG  0.7I20E+02 
AMBIENT  PRESS. ,PSIA  0. I950E+02  EXP  COEFF.BRG, IN/IN  F  0.7000E-05 
SWASH  ANGLE, DEG  0.I950E-02  EX?  COEFF. RUN, IN/IN  F  0.7000E-05 
WT  DEN  BRG  MAr,LB/IN3  0.2830E+00  MIN  ALLOW.  RIDGE  rt,IN  0.2300E-OI 
SHAFT  WEIGHT, LB  0.3020E+00  CLEAR  AT  OPT  GRV.D, IN  0.5000E-03 


★★★OUTPUT*** 


MACH  NO.  AT  OD  0.2623E+00  MIN.  NO. 

GROOVES 

27 

GIM8AL  MTD  BRG  TK..IN  0.  M60E+00  VISCOSIi 

V, LB-SEC/ I N2 

0. 3066E-08 

MAX  NO.  OF  GROOVES 

32  BEARING 

OL >  IN. 

0.  1 127E+0I 

MOLECULAR  MFP,  IN.  0.6888E-05  BRG.  INFP.  TN-LB-SEC2  0.6427E-05 

GROOVE  DEPTH,  IN.  0. I525E-02  TIP  SPEED,  Ff/SEC 

0. 9834E+03 

CLEARANCE,  MICROINCHES 

50 

150 

25C 

LOAD,  LB 

0.7654E+01 

0.863 1 E+O 1 

0.6B40E+0 1 

POWER,  WATTS 

0.  1  186E+03 

0.5955E+02 

0.40B3E+02 

RELATIVE  SWASH  AMPLITUDE 

0.1701 E+39 

0.2054E+00 

0.6459E-01 

MAX  DISTORTION  TO  CLEAR  RAT. 

0.31 44E+0 1 

0.5003E+00 

0. 1 O72E+00 

AXIAL  FREQUENCY, CPM 

0. 

0.341BE+05 

0.472 IE+05 

TILT  FREQUENCY,  CPM 

0. 

0.  1  1  loE+06 

0.1541 E+06 

AXIAL  STIFFNESS  LB/IN 

0. 

0. 1 002E+05 

0.  I912E+05 

TILT  STIFFNESS  IN-LB/RAD 

0. 

0.8776E+03 

0.  I674E+04 

EFFECT.  VIS.  LB-SEC/I N**2 

0. 167BE-0B 

0.2404E-08 

0.2631 E-Or 

REYNOLDS  NO. 

0.37I0E+0I 

0.1 1 13E+02 

0. 1  B55E+02 

LAMBDA 

0.1291 E+04 

0. 1 434E+03 

0.5 1 63E+02 

CONVECTIVE  INERTIA  RATIO 

0. 3363E-04 

0.302 7 E-03 

0.8 408 E-03 

TRANSIENT  IF  :  ?TI A  RATIO 

0. 

0.631 4E-01 

0.9793E-0I 

LOCAL  CONFESS.  RATIO,  SS 

0. I009E+02 

0. 1 I21E+01 

0.4037E+00 

LOCAL  (XMPhESS.  RATIO,  DYtl 

0. 

0.4460E-0I 

0.221 8E-0 1 

CLEARANCE,  I CRO I’ JCH ES 

350 

450 

550 

LOAD,  LB 

0.4838E+0 1 

0.3280E+0I 

0.221 7E+01 

POWER,  WATTS 

0.3I53E+02 

0.2593E+02 

0.221 6E+02 

relative  Smash  amplitude 

0.5248E-0 1 

0.5725E-OI 

0. 7079E-0 1 

AX  DISTORTION  TO  CLEAR  RAT. 

0. 1 048E+00 

0.6494E-01 

0.441 5E— 0 1 

[ 

CR-2421-1 

Figure  31.  Helium- Lubiicated  Spiral  Groove  Thrust  Bearing  Parameters 
and  Performance  (Maximum  Speed,  One  Side,  Ratio  of  Outside 
Diameter  to  Inside  Diameter  =  2.  06) 
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AXIAL  FREQUENCY, CPM 
TILT  FREQUENCY,  CPM 
AXIAL  STIFFNESS  LB/IN 
TILT  STIFFNESS  IN-LB/RAD 
EFFECT.  VIS.  LB-SEC/ IN+*2 
REYNOLDS  NO. 

LAMBDA 

CONVECTIVE  INERTIA  RATIO 
TRANSIFKT  IN  PR  I'l  a  p  att  q 
LOCAL  COMPRESS ] * RATIO* SS 
LOCAL  COMPRESS.  RATIO, DYN 


CLEARANCE ,  M ICRO INCHES 
LOAD,  LH 
POWER,  WATTS 

RELATIVE  SWASH  AMPLITUDE 
MAX  DISTORTION  TO  CLEAR  RAT. 
AXIAL  FREQUENCY, CPM 
TILT  FREQUENCY,  CPM 
AXIAL  STIFFNESS  LB/IN 
TILT  STIFFNESS  I M-LP/RAD 
EFFECT.  VIS.  LN-SEC/I M**2 
REYNOLDS  NO. 

LAMBDA 

CONVECTIVE  INERTIA  RATIO 
TRANSIENT  INERTIA  RATIO 
LOCAL  COMPRESS.  RATIO, SS 
LOCAL  COMPRESS.  RATIO, DYN 


CLEARANCE,  MICROINCHES 
LOAD.  I.R 
POWER,  WATTS 

RELATIVE  SWASH  AMPLITUDE 
LAX  DISTORTION  TO  CLEAR  RAT. 
AXIAL  FREQUENCY, CPM 
TILT  FREQUENCY,  CPV 
AXIAL  STIFFNESS  LB/ IN 
TILT  STIFFNESS  IN-Lf'/NAQ 
EFFEC VIS.  Ll-SEC/IN**? 
REYNOLDS  NO. 

LAMBDA 

CONVECTIVE  INERTIA  RATIO 
FRANS  I  ENl'  INERTIA  PATIO 
LUCAL  COMPRESS.  RATIO, SS 
LOCAL  COMPRESS.  RATIO, DYN 


0. 4426E+05  0.3737E+05  0.3040E+05 

0. 1 445E+06  0. I 220E+06  0.9925E+05 

O.loeiE+Qj  0.  I  I  98E+05  0.7(>30E+04 

0. I 472E+f 4  0 . I 049E+04  0.6943E+03 

0.2742E-QS  0.2008E-08  0.2852E-08 

0.2597E+02  0. 3339E+02  0.4081 E+02 

0.2634E+32  0.I594E+02  0. I067F+02 

0.I648E-0?  0.2724E-02  0.4069E-0? 

0. I 025E+00  0.9598E-01  0.861 8F-0] 

0.2060E+00  0.I246E+00  0.834  IE-0 1 

Q.I06IE-0I  0.541 9E-02  0.295IE-03 


650  750  850 

0. I 522E+OI  0.I068E+0I  0.7676E+00 

0 . I 943E+02  0 • I 736E+02  0.I572E+02 

0. 9200E-0 I  0.121 3E+00  0.I597E+00 

0.31 95E-0 I  0.24I9E-01  0.I895E-0I 

0.2453E+05  0.I989E+05  0.I628F+05 

0.8008E+05  0, 6492E+05  0.531 5E+05 

0. 5 I63E+04  0. 3393E+04  0.2274E+04 

0.4520E+03  0.297 1 E+03  O.I99IE+03 

0. 2883E-08  0.2906E-08  0.2924E-08 

0. 4823E+02  0.5564E+02  0.6306E+02 

0. 7638E+0 I  0. 5737E+0 I  0.4467E+0I 
0.5684E-02  0.7667E-02  0.97I9E-02 

0.7641  E-0 1  0.677717-01  0.6046E-0I 

0. 5972E-0 I  0. 4486E-0 I  0.3492E-0I 
0. I 705E-C2  0 . I 038E-02  0.661 6E-03 


950  1050  1150 

0.5639E+00  0.4228E+00  0.3229E+00 

0. I 439E+02  0. I  32 8 E+02  0.I235E+02 

0 . 20Q5E+00  0.2690E+00  0.3430E+00 

0.I525E-0I  0. I 253E-0 I  0.I048F-0I 

0 . 1 343E+05  0,11 29E+05  0.955IE+04 

0.4400E+05  0.3684E+05  0.3II8E+05 

0. I 559E+04  0.I093E+04  0.7827E+03 

0. I 365F+03  0.95o9E+02  0.6853E+02 

0.2938E-08  0.2950E-08  0.2960E-08 

0.7048E+02  0.7790E+02  0.B532E+02 

0. 3576E+C |  0.2927E+0 I  0.2440E+OI 

0. I2I4E-OI  0. I 483E-0 I  0.I77QF-0I 
0. 5436 E-0 I  0.4927E-0I  0.4500E-0! 

0.2/96E-0I  0. 2289E-0 I  0.I908F-0I 

0 . 4  385E-03  0.3006E-03  0.2I20E-03 
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Figure  31.  Helium-Lubricated  Spiral  Groove  Thrust  Bearing  Parameters 
and  Performance  (Maximum  Speed,  One  Side,  Ratio  of  Out¬ 
side  Diameter  to  Inside  Diameter  =  2.  06)  (Continued) 


CLEARANCE,  MICROINCHES 
LOAD,  LB 
POWER,  WATTS 

RELATIVE  SWASH  AMPLITUDE 
MAX  DISTORTION  TO  CLEAR  RAT. 
AXIAL  FREQUENCY, CPM 
TILT  FREQUENCY,  CPM 
AXIAL  STIFFNESS  LB/IN 
TIL'I  STIFFNESS  IN-LR/RAD 
EFFECT.  VIS.  LB- SEC/ IN** 2 
REYNOLDS  NO. 

LAMBDA 

CONVECTIVE  INERTIA  RATIO 
TRANSIENT  INERTIA  RATIO 
LOCAL  CO 'PRESS.  RATIO, SS 
LOCAL  COMPRESS.  RATIO, DYN 


1250 

0.2507E+00 
0. I I55E+0? 
0.402  I F+00 
0. 8896E-02 
0.8 I62E+04 
0.2065E+05 
0.571 7E+0  3 
0. 5005E+02 
0.296RE-0B 
0.9274E+02 
0.2065E+0I 
0.2 I02E-0 I 
0.41 39E-0 I 
0. I6I5E-0! 
0.  I534E-0  3 


I  350 

0.  I  975E+00 
0.  I085E+02 
0.5332E+00 
0.  /645E-02 
0 . 7038E+04 
0.2297E+05 
0.4250E+C3 
0.372! E+02 
0.2975E-08 

0  e ! 002  ~+0  3 

0.  I  77!  E+OI 
0.24o2E-0 I 
O.3R30E-0I 
0. I 385E-0 I 
0.1! 34E-03 


1450 

0.  I  577F.+00 
0. I024F+02 
0. 6632F+00 
0.  6640E-02 
0.61 I7F+04 
0. 1  O97E+05 
0.32  I  IE+03 
0.2811 F+02 
0.298  IE-08 
0. 1076F+03 
0. I535F+0I 
0.2828E-01 
0. 3565F-0 1 
0. 1 200E-0 1 
0. 3542F-04 


CLFARANC  MICROINCHES 
l-OAD,  LB 
POWER,  WATTS 

RELATIVE  SWASH  AMPLITUDE 
MAX  DISTORTION  TO  CLEAR  RAT. 
AXIAL  FREQUENCY, CPM 
TILT  FREQUENCY,  CPM 
AXIAL  STIFFNESS  LB/I M 
1ILT  STIFFNESS  IN-LR/RAD 
EFFECT.  VIS.  LB- SEC/ IN** 2 
REYNOLDS  MO. 


1550 

0.  1274E+00 
0. 9698F+0 I 
0. 8094E+0Q 
0.5822E-0? 
0.5356E+04 
0. I 743E+05 
0.2461 E+0  3 
0.2I55E+02 
0. 2986E-08 
0.  I  I50E+05 


CONVECTIVE  INERTIA  RATIO 
TRANSIENT  Ii’cRTIA  RATIO 
LOCAL  COMPRFSS.  RATIO, SS 
LOCAL  COMPRESS.  RATIO, DYN 


0. 3232E-0 I 
0. 3334E-0 1 
0. 1 050E-0 1 
0. 6545E-04 


LAMBDA 
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Figure  31.  Helium -Lubricated  Spiral  Groove  Thrust  Bearing  Parameters 
and  Performance  (Maximum  Speed,  One  Side,  Ratio  of  Out- 
side  Diameter  to  Inside  Diameter  =  2.06)  (Continued) 

The  following  input  is  printed  with  the  output: 

•  Title  indicating  the  gas,  used  as  the  lubrication 

•  Ratio  of  the  outside  diameter  to  the  inside  diameter 

•  Shaft  rotational  speed  (rpm) 

•  Gas  temperature  (°R),  used  in  computing  the  viscosity 

•  Bearing  inside  diameter  (inches) 

•  Ambient  pressure  (psia) 


•  Thrust  runner  swash  angle  (peak  to  peak)  (degrees) 

•  Weight  density  of  the  bearing  material  (pounds  per  cubic  inch),  used 
in  calculating  the  moment  of  inertia  for  the  tilt  frequency  output 

•  Shaft  weight  (pounds),  used  in  computing  the  axial  frequency  output 

•  Groove-length-to-bearing-width  ratio  (nondimensional),  measured 
radially 

•  Groove-length-to-ridge-width  ratio  (nondimensional),  measured  at 
a  constant  radius 

•  Groove  angle  (degrees),  measured  between  tangent-to-groove  and 
radial  coordinates 

•  Coefficient  of  thermal  expansion  for  the  bearing  material  (inches  per 
inch  UF),  used  to  compute  dishing  due  to  bearing  film  shear  heating 

•  Coefficient  of  thermal  expansion  for  the  thrust  runner  material  (inches 
per  inch  °F),  used  to  compute  dishing  due  to  bearing  film  shear  heating 

•  Minimum  allowable  ridge  width  (square  inches)  and  minimum  thickness 
of  the  ridge,  used  to  compute  the  maximum  bearing  number 

•  Clearance  at  which  the  load  capacity  is  to  be  optimized  (inches) 

The  output  consists  of  a  group  of  overall  performance  factors  that  include: 

•  Mach  number  (nondimensional)  based  on  helium  and  the  thrust  bearing 
outside  diameter,  used  to  indicate  the  potential  of  the  compressibility 
effects  at  the  tip  of  the  thrust  bearing 

a  Viscosity  (pound -seconds  per  square  inch),  based  on  the  appropriate 
gas  at  the  input  temperature. 

•  Molecular  mean  free  path,  which  accounts  for  the  deviation  of  gas 
from  a  continuum  as  a  function  of  the  temperature,  pressure,  and 
clearance  space  and  which  is  reflected  as  a  change  in  the  effective 
viscosity 

•  Minimum  number  of  grooves  computed  on  the  basis  that  the  pressure 
ripple  across  the  grooves  is  10  percent  of  the  pressure  rise  along  the 
grooves,  related  to  the  assumption  that  the  edge  correction  is  neg¬ 
ligible 

•  Maximum  number  of  grooves,  which  is  a  manufacturing  and  structural 
consideration  based  on  an  input  quantity  that  limits  the  ridge  wall 
thickness 

•  Estimated  moment  of  inertia  of  the  bearing,  with  respect  to  a  diam¬ 
eter,  through  the  midplane  (pound-square  second) 

•  Assumed  thickness  of  the  thrust  disk,  based  on  dividing  the  annular 
width  of  the  thrust  disk  by  2. 5 
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•  Bearing  outside  diameter  obtained  from  the  inside  diameter  and  the 
ratio  of  the  outside  diameter  to  the  inside  diameter 

•  Groove  depth  (inches) 

•  Thrust  runner  tip  speed  (feet  per  second) 

Individual  performance  items  are  then  tabulated  in  16  columns,  for  one 
thrust  face  only,  with  a  heading  for  the  land  film  clearance  in  microinches: 

•  Load  capacity  (pounds),  including  the  0.75  safety  factor  referred  to 
above. 

•  Power  loss  (watts) 

•  Relative  swash  amplitude  (nondimensional),  the  ratio  of  the  calculated 
swash  amplitude  to  the  maximum  swash  amplitude  at  contact  (The 
calculated  swash  amplitude  is  based  on  the  swash  angle,  the  film  tilt 
stiffness,  and  the  moment  of  inertia  of  the  bearing,  calculated  on  the 
basis  of  an  assumed  thickness*  o-diameter  ratio. ) 

•  Ratio  of  the  distorted  minimum  film  thickness  to  the  undistorted  min¬ 
imum  film  thickness  (Distortion  is  assumed  to  be  parabolic,  and  the 
heat  input  is  calculated  from  the  bearing  power  loss.  Thermal  ex¬ 
pansion  coefficients  for  the  bearing  and  runner  are  part  of  the  pro¬ 
gram  input . ) 

•  Axial  frequency  (cycles  per  minute),  the  natural  frequency  based  on 
the  axial  film  stiffness  and  the  weight  of  the  rotor 

•  Tilt  frequency  (cycles  per  minute),  the  natural  frequency  based  on 
the  film  tilt  stiffness  and  the  bearing  moment  of  inertia 

•  Axial  stiffness  (pounds  per  inch),  including  the  0.75  safety  factor  re¬ 
ferred  to  above 

•  Tilt  stiffness  of  the  gas  film  (pounds  per  radian) 

•  Effective  viscosity  (pound -second  per  square  inch),  used  in  calculat¬ 
ing  bearing  .performance  and  based  on  the  film  thickness,  viscosity, 
and  molecular  mean  free  path  (The  mean  free  path  effect  reduces  the 
viscosity  and  therefore  reduces  the  load  capacity.  This  effect  becomes 
more  pronounced  as  the  film  thickness  decreases. ) 

•  Reynolds  number  (nondimensional),  the  ratio  of  inertia  to  viscous 
forces,  indicating  whether  the  assumption  of  laminar  flow  used  in 
the  present  analysis  is  valid  (The  value  should  be  less  than  1500.) 

•  Convective  inertia  ratio  (nondimensional),  based  on  the  groove  width 
and  the  tangential  velocity,  indicating  whether  the  assumption  of  the 
negligible  inertia  effect  is  valid  (The  ratio  should  be  very  much  less 
than  one. ) 

•  Transient  inertia  ratio  (nondimensional),  based  on  the  nominal 
bearing  gap  and  the  axial  oscillation,  indicating  whether  the  as- 
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sumption  ot  the  negligible  inertia  effect  is  valid  (The  ratio  should 
be  very  much  less  than  one.) 

•  Local  compressibility  ratio,  steady-state  (nondimensional),  based  on 
the  tangential  velocity,  indicating  whether  the  assumption  of  quasi¬ 
incompressibility  is  valid  (In  this  analysis,  a  sectionally  linear  pres¬ 
sure  profile  is  assumed.  To  be  valid,  the  magnitude  of  the  circumfer¬ 
ential  pressure  fluctuation  must  be  small  compared  to  the  local  pres¬ 
sure  level.  This  ratio  should  be  very  much  less  than  one.  ) 

•  Local  compressibility  ratio,  dynamic  (nondimensional),  based  on  axial 
oscillation  and  referring  to  the  assumption  defined  above  (This  ratio 
should  be  very  much  less  than  one.  ) 

Figures  32  and  33  give  the  performance,  at  design  and  maximum  speeds, 
resulting  from  the  interaction  of  both  thrust  faces,  with  a  total  axial  clearance 
between  the  thrust  bearings  set  at  0.002  inch  and  the  spiral  groove  depth  set 
at  0.00152  inch.  Figures  34  and  35  give  load,  stiffness,  and  power  loss  for 
the  double -acting  bearing  for  both  design  and  maximum  speed  conditions.  All 
graphs  are  given  in  terms  of  clearance  on  the  side,  with  maximum  load. 

The  spiral  grooves  are  manufactured  by  photoetching  using  a  mask.  The 
nomenclature  used  in  drawing  the  mask  is  given  in  Figure  D;  the  coordinates 
for  the  mask  are  given  in  Figure  3  6. 

Table  6  is  a  design  summary  for  the  Advanced  Research  Projects  Agency 
spiral  groove  thrust  bearing. 

Table  6 

TURBOALTERNATOR  SPIRAL  GROOVE  THRUST 
BEARING  DESIGN  SUMMARY 


Charaeteristie 

Parameter 

Outside  diameter 

1 .  1 25  inches 

Inside  diameter 

0.287,  0.547  ineh 

Inside  diameter,  grooved  region 

0.  703  ineh 

Number  of  grooves 

30 

Groove  angle 

71  2  degrees 

Groove  width  to  ridge  width  at  constant  radius 

Angular  spaeing  at  inside  diameter  of  grooved  region 

1.03  (nondimensional) 

Groove  width 

7. 904  degrees 

Ridge  width 

4. 096  degrees 

Depth  of  groove 

0.  00152  inch 

Collar  swash  angle 

0. 00195  degree 

Total  axiai  eiearanee 

0.  002  ineh 

Bearing  material,  eoating,  and  surfaee  finish 

Beryllium  copper, 
none,  8  mis 

Collar  material,  eoating,  and  surfaee  finish 

304L,  nitride,  4  rms 

CH-2427 
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Figure  32. 


Helium -Lubricated  Spiral  Groove  Thrust  Bearing  Performance 

(Design  Speed,  Two  Sides,  Ratio  of  Outside  Diameter  to  Inside 
Diameter  =  2.  06) 
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Figure  33.  Helium -Lubricated  Spiral  Groove  Thrust  Bearing  Performance 
(Maximum  Speed,  Two  Sides,  Ratio  of  Outside  Diameter  to 
Inside  Diameter  =  2.  06) 
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Figure  35. 


Spiral  Groove  Thrust  Bearing  Characteristics  (Maximum  Speed) 
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=  RADIAL  COORDINATE  OF  INBOARD  EDGF  OF  SPIRAL  GRnnVF 
=  “DIAL  CUOHDINATK  JF  OUTBOARD  EDOT  OF  sRRAL  GTOOVE 
-  GROOVE  ANGULAR  COORDINATE  MEASURED  CLOCKWISE  FOR  ONF 
1  FI  RUST  FACE  AND  COUNTER  CLOCKaISF  FOR  THF  riTwcD  ° 

'mP  ANGL5  *  A  ««»**  *'E*SO»ED  FROM  oE  OF 

GROOVED  REGION  iO  ID  OF  GROOVED  REGION 

..  llin.  ,  ^  ***SPECI  FICATIONS*** 

NUMJt-.R  OF  GROOVES  =  30 

OD  OF  BEARING  =  I.I2S  INCHES 
ID  OF  REARING  =  0.54/  INCHES 

ID  OF  GROOVE'D  REGION  =  0.  703  INCHES 

GROOVE  ANGLE  =  71.200  DEGREES 

GROOVE  TO  RIDGE  WIDTH  RATIO  AT  CONSTANT  RADIUS  =  I  030 
GRJDVfc  NRAP  ANGLE  =  79.134  DEGREES 

ANGULAR  SPACING  AT  ID  OF  GROOVED  REGION 
GROOVE  .WIDTH  =  7.904  DEGREES 

HIDGE  t.'lUTH  =  4.096  DEGREES 

COORDINATES  OF  FIRST  GROOVE 
RADIUS  SCAI  E  FACTOR  =  1.000 
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Figure  36.  Radial  and  AnguKr  Coordinates  for  Drawing  Logarithmic 
Spiral  Grooves  in  Flat  Thrust  Face 
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TURBINE  WHEEL  THERMAL  AND  STRESS  ANALYSIS 


The  impulse  and  reaction  turbine  wheels  for  the  80°K  turboalternator  tests 
have  been  designed.  The  extreme  operating  conditions  for  both  wheels  are: 

Condition  Temperature  (°K)  Speed  (rpm) 

C  80  150,000 

W  320  200,000 

The  thermostructural  response  of  both  wheels  to  these  operating  conditions 
has  been  calculated  using  the  finite  element  technique,  which  permits  thermal 
and  centrifugal  effects  to  be  treated  simultaneously.  The  results  are  pre¬ 
sented  below. 

IMPULSE  WHEEL 

The  impulse  wheel  (Figure  37)  is  made  of  6A1-4V  titanium  and  Lts  onto  a 
stainless  steel  shaft.''"  The  thermal  expansion  of  titanium  is  less  than  that  of 


(Macks 


Figure  37.  Impulse  Wheel 


steel.  The  wheel- shaft  assembly  is  made  at  room  temper avure;  therefore,  as 
Condition  C  is  approached,  the  wheel  contracts  less  than  the  shaft  and  becomes 
loose  on  the  shaft,  unless  the  v/heel- shaft  assembly  is  made  with  an  interference 
fit  at  room  temperature.  The  stresses  due  to  the  interference  fit  are  reduced 
as  the  temperature  is  lowered  from  room  temperature  and  are  increased  as 
the  temperature  is  raised  irom  room  temperature.  The  thermal  stresses 
are,  therefore,  much  higher  for  Condition  W  than  for  Condition  C.  Because 


*It  was  originally  planned  that  this  wheel  would  be  made  of  6061-T6  aluminum, 
to  minimize  the  manufacturing  effort.  However,  the  difference  in  thermal  ex¬ 
pansions  between  the  wheel  and  the  shaft  result  in  prohibitively  high  (100,  000 
psi)  wheel  stresses  at  Condition  C. 
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Condition  W  also  has  a  higher  speed,  this  is  the  critical  condition,  from 
a  stress  standpoint.  * 


The  process  followed  in  the  analysis  is  to  determine  the  room  temperature 
interference  required  to  maintain  wheel-to- shaft  contact  in  Condition  C  and 
then  determine  the  stresses  in  Condition  W  with  this  interference  fit. 

The  interference  fit  required  is  0.  5  mil  (0.  0005  inch)  on  the  radius  or  1.  0 
mil  (0.  001  inch)  on  the  diameter.  This  fit  is  sufficient  to  offset  the  differential 
thermal  expansion  and  centrifugal  forces  tending  to  separate  the  wheel  and 
shaft  in  Condition  C,  so  the  wheel  can  resist  the  operating  torque.  The  states 
of  stress  and  displacement  in  the  wheel  at  Condition  C,  with  this  value  of  inter¬ 
ference  fit,  are  presented  in  Figures  38  and  39.  Because  the  state  of  stress 
is  tri axial,  stress  results  are  presented  in  the  form  of  von  Mises  effective 
stress  contours. 


figure  38.  Impulse  Wheel  Effective  Stress  Contours  (0.  5- Mil  Fit  on  Radius 
Condition  C )  ' 


-The  wheel  is  suhjecieci  to  Condition  C  for  most  of  its  life;  it  is  subjected  to 
t  ondltion  W  for  only  brief  periods.  Thus,  the  stresses  at  Condition  C  are 
important  in  determining  its  useful  life  in  regard  to  creep  behavior 


Figure  39.  Impulse  Wheel  Displacement  (0.  5- Mil  Fit  on  Radius,  Condition  C) 

The  states  of  stress  and  displacement  in  the  wheel  at  Condition  W  were 
calculated  using  the  0.  5-mil  (on  the  radius)  interference  fit.  These  fits  are 
presented  in  Figures  40  and  41. 

From  Figures  38  and  40,  it  is  observed  that  the  maximum  effective  stresses 
in  the  impulse  wheel  are  33,  000  psi  for  Condition  C  and  59,  000  psi  for  Condition 
W.  This  wheel  must  be  designed  to  withstand  local  yielding  (instantaneous  plas¬ 
ticity)  and  long-term  creep.  The  yield  stress  of  6A1-4V  titanium  is  above 
120,  000  p-i  for  Condition  W  (the  exact  value  depends  on  the  processing)  and  will 
be  even  greater  for  Condition  C.  Because  the  yield  stress  is  much  higher  than 
the  maximum  effective  (applied)  stress  for  both  conditions,  local  yielding  will 
not  occur. 

Because  the  wheel  is  exposed  to  Condition  W  for  only  a  very  small  fraction 
of  its  lifetime,  long-term  creep,  if  it  occurs,  will  occur  mainly  for  Condition  C. 
A  simple  technique  used  to  design  against  creep  in  titanium  in  the  aircraft  in¬ 
dustry  is  to  assume  that  no  creep  will  occur  if  the  applied  stresses  are  less 
than  one -third  of  the  yield  stress.  For  Condition  C,  this  situation  is  satisfied. 

A  more  exact  met.  ^d  used  to  design  against  creep  is  to  use  the  Larson- Miller 
parameter,  cp,  and  experimentally  obtained  creep-rupture  curves,  as  shown 
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Impulse  Wheel 


Impulse  Wheel  Effective  Stress  Contours 
(0.  5-Mil  Fit  on  Radius,  Condition  W) 


Figure  41.  Impulse  Wheel  Displacement  (0.  5-Mil  Fit  on  Radius 
Condition  W) 
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0.001 


Larson-Miller  Parameter,  jp 

Figure  42,  Larson-Miller  Parameter  (cp)  and  Experimentally  Obtained 
Creep- Rupture  Curves 

schematically  in  Figure  42.  Such  curves  define  the  maximum  applied  stress, 
(?'■',  that  can  be  present  if  a  structure  is  to  creep  no  more  than  amount  e*. 


The  parameter,  cp,  is  defined  for  titarium  by  the  relationship: 

cp  =  T  (20  +  log10t)  X  10"3 

where  T  is  the  temperature  (°R)  and  t  is  the  exposure  time  (hours).  It  is  de¬ 
sired  that  the  impulse  wheel  have  a  design  life  of  20  years.  Thus,  for  Condi¬ 
tion  W  the  value  of  cp  is  15.  2,  and  for  Condition  C  the  value  of  cp  is  1.  9.  From 
*he  General  Electric  Materials  Data  Book  (Ref.  2),  the  value  of  cp*  correspond¬ 
ing  to  e*  =  0.  001  (1/ 10-percent  creep)  is  greater  than  85,  000  psi  for  both  Con¬ 
ditions  C  and  W.  The  applied  stresses  for  both  conditions  are  below  this  level. 

Thus  it  caii  be  shown,  using  two  different  techniques,  that  the  impulse 
wheel  will  have  the  desired  lifetime  (creep  will  be  less  than  1/10  percent)  of 
20  years. 

The  value  of  the  interference  fit  is  critical.  If  the  fit  is  too  large,  the 
stresses  in  the  wheel  hub  for  Condition  W  will  be  large  enough  to  cause  local 
yielding;  if  it  is  too  small,  the  radial  contact  stresses  at  the  wheel-shaft  in¬ 
terface  will  become  zero,  and  the  wheel  will  slip  on  the  shaft.  Results  obtained 
using  different  values  of  interference  fit  have  been  used  to  obtain  the  curves 
present  in  Figures  43  and  44.  Figure  43  shows  the  value  of  the  minimum  (ra  ¬ 
dial  compression)  contact  stress  in  the  interface  region  as  a  function  of  the 
vatue  of  the  interference  fit  for  Condition  C.  The  acceptable  minimum  value 
of  the  contact  stress  depends  upon  the  torque  to  be  transmitted  and  the  size  of 
the  contact  region.  Arbitrarily  selecting  this  minimum  value  to  be  1000  psi. 
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X  =  Computed  Data  Point 


Figure  43. 


Minimum  Contact  Stress  Versus  Interference  Fit 
^ndition  C) 


Interference  Fit 
(on  Radius)  (mils) 


CR-2439 


Figure  44. 


Maximum  Effective  Stress  in  Hub 
(Condition  W) 


Versus  Interference  Fit 


figure  43  shows  that  the  lowest  acceptable  interference  fit  is  about  0.  4  mils 
(on  the  radius).  Figure  44  shows  the  value  of  the  maximum  effective  stress 
m  the  hub  as  a  function  of  the  value  of  the  interferenc  :  fit  for  Condition  W. 
The  maximum  value  of  the  effective  stress  must  be  less  than  the  yield  stress 
of  the  wheel.  For  a  yield  stress  of  120,000  psi.  Figure  44  shows  that  the 
largest  acceptable  interference  fit  is  0.  8  mil  (on  the  radius).  Thus,  the  in¬ 
terference  fit,  6,  desired  can  be  given  as: 

6  =  0.  mil 

REACTION  WHEE L 


Iv'Vr'8'  4’0"  WJheel  ‘S  ShOWn  in  Figure  45-  Because  the  wheel  Is  made  of 
4V  titanium  and  fits  onto  a  stainless  steel  shaft,  its  thermostructural  re¬ 


sponse  is  similar  to  that  of  the  impulse  wheel,  and  the  same  process  is  fol- 
lowed  m  its  analysis  as  was  followed  for  the  impulse  wheel  (to  determine  the 

in  Condition  r a L lter/e7nc'->  required  to  maintain  wheel-to- shaft  contact 
terference  fit)  determine  the  stresses  in  Cbndition  W  with  this  in¬ 

mil  mhnn,nt-er  MrenCl  "*  reqilired  ls  5  ™il  (0.  0005  inch)  on  the  radius  or  1  0 
tTa  l  01  °"  the  diameter‘  This  fit  is  sufficient  to  offset  the  dif'eren- 

shaft  in  Q,ndSonC10n  Th  Ce?rifUgal  forces  tendi"g  *>  separate  the  wheel  and 
nf  T.  Con^ltlon  C,  SO  the  wheel  can  resist  the  operating  torque.  The  states 

ter?ereeS„Sce“ft'  i".thl*heel  a*  Condition  C,  with  this  val^  of  ta- 

pulse  wheel  ihfstl  Tl  FlgUreS  46  and  47‘  As  “  the  caaa  °f  the  im¬ 
press  contours  tT  t  fT  1S  Presented  in  thc  f°rm  of  von  Mises  effective 

usW  the  0  5-rnn  S  reSS  in  thc  wheel  at  Condition  W  was  calculated 

g  .  •  mil  (on  the  radius)  interference  fit  (Figure  48). 


Reaction  Wheel 


Note:  Contours  show  stress 
levels  in  KPS1. 


Figure  46.  Reaction  Wheel  Effective  Stress  Contours  (0.  5-Mil  Fit 
on  Radius,  Condition  C ) 


Figure  47.  Reaction  Wheel  Displacements  (0.  5-Mil  Fit  on  Radius, 
Condition  C ) 


/'  Reaction  Wheel 


Note:  Contours  show  stress 
levels  in  KPSI. 


CR-2443 


Figure  48.  Reaction  Wheel  Effective  Stress  Contours  (0.  5-Mil  Fit 
on  Radius,  Condition  W) 


From  Figures  46  and  48,  it  is  observed  that  the  maximum  effective 
stresses  in  the  reaction  wheel  are  49,  000  psi  for  Condition  C  and  70,  000  psi 
for  Condition  W.  By  the  same  arguments  used  for  the  impulse  wheel,  it  can 
be  shown  that  local  yielding  will  not  occur  for  the  reaction  wheel.  Similarly 
because  this  wheel  is  subjected  to  the  same  exposure  temperature  and  life-  ' 
ime  requirements  as  the  impulse  wheel,  the  values  of  the  Larson- Miller 
parameter,  cp,  are  1.  9  for  Condition  C  and  15.  2  for  Condition  W.  Because 
e  reaction  wheel  is  made  of  6A1-4V  titanium,  the  value  of  a*  correspond¬ 
ing  to  e  v  =  0.  001  is  greater  than  85,  000  psi  for  both  Conditions  C  and  W. 

he  applied  stresses  for  both  conditions  are  below  this  value;  thus,  the  reac¬ 
tion  wheel  will  have  the  desired  lifetime  of  20  years. 


An  analysis  of  the  allowable  limits  on  the  interference  fit  was  not  made 
for  this  wheel,  but  the  limits  should  be  very  close  to  those  obtained  for  the 

siSl^  e6l;  heCaUSG  th€  design  of  bo*b  wheels  in  ihe  interface  region  is 


ALTERNATOR  DESIGN  BASIS 


Methods  for  calculating  alternator  performance  have  been  outlined  in  Ref- 
erence  3.  Also,  basic  design  data  relating  the  frequency,  flux,  and  core  loss 
ere  reported.  These  methods  and  results  have  been  applied  to  predict  per¬ 
formance  of  the  Advanced  Research  Projects  Agency  Big  Bertha  alternator. 


Special  materials  are  used  in  the  stator  core  and  rotor  field  to  maximize 
alternator  efficiency.  A  nickel-iron- molybdenum  alloy  (79-16-4  percent)  having 
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very  low  hysteresis  and  eddy  current  loss  is  used  for  the  stator  laminations. 

A  cobalt -platinum  permanent  magnet  field  produces  flux  that  is  compatible  in 
density  with  the  stator  material.  There  are  negligible  losses  in  the  rotor. 

This  magnet  material  is  also  compatible  with  the  joining  and  surface  hardening 
processes  involved  in  its  fabrication.  An  overall  picture  of  the  alternator  fea¬ 
tures  and  performance  is  described  in  Table  7. 

Table  7 

CALCULATED  ALTERNATOR  FEATURES  AND  PERFORMANCE 


Alternator  Features 

Performance  (Computer  Design  D-30907) 

Stator 

Outside  diameter  punching 

1. 804  inch 

Inside  diameter 

0.  558  inch 

Length 

0.  874  inch 

Material 

Hymu  80,  0..004  inch 

Number  of  slots 

12 

Spiral 

21  degrees 

Tooth  width 

0.  084  inch 

Circu  its 

2 

Connection 

Wye 

Pitch 

83. 3  percent 

Conductors  pei  m«-* 

48 

Wire 

21.0113  HF 

Turns  in  series,  per  phase 

48 

Pitch  factor 

0.966 

Distribution  factor 

0.  966 

Skew  factor 

0.993 

Stacking  factor 

0.  94 

Resistance  (85°K) 

0.  0903  ohms 

Leakage  reactance 

4.  70  ohms 

Rotor  Field 

Diameter 

0.  500  inch 

Length 

0.  7815  inch 

Material 

Co-Pt 

Air  gap 

0.  029  inch 

Performance  (85°K) 

Power  factoi 

1.0 

Output 

397.  2  watts 

Line-to-line  volts,  no  load 

118.2 

Line-to-line  volt;  ,  full  load 

116.  3 

Current 

1 . 976  amperes 

Current  density 

4930  amperes  per  square  inch 

Core  loss 

2.  70  watts 

Copper  loss 

1 .  06  watts 

Electromagnetic  efficiency 

99.  0  percent 

CR-  2455 
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This  alternator  is  conservatively  designed  on  the  rising  side  of  the  effi¬ 
ciency  curve.  It  appears  by  calculation  that  its  output  might  be  doubled  with 
little,  if  any,  sacrifice  in  efficiency.  This  feature  may  be  particularly  desir¬ 
able  during  cooldown,  when  the  upper  turboalternator,  which  has  the  greatest 
burden  for  cooldown,  is  overloaded.  Rated  performance  has  been  calculated 
at  85°K  and  is  reported  in  Table  7.  Its  electromagnetic  efficiency  is  99.0  percent. 

The  alternator  is  so  efficient,  compared  with  its  driving  turbine,  that  opti¬ 
mization  of  the  alternator  frequency  to  increase  its  efficiency  a  mere  0.  1  or 
0.  2  percent  would  probably  degrade  the  turbine  performance  several  percent. 
Hence,  little  or  no  recognition  of  optimum  alternator  speed  has  been  used  to  in¬ 
fluence  the  turbine  design. 

Bearing  losses  that  are  not  included  in  the  above  analysis  should  not  be 
completely  ascribed  to  the  turbine,  except  for  the  thrust  bearing.  Journal 
bearings  do  more  than  support  the  shaft  weight,  including  the  wheel  and  the 
field.  They  also  hold  critical  alignments  between  the  wheel,  the  nozzle,  and 
the  thrust  runner  assemblies,.  Division  of  the  bearing  losses  would  have  nec¬ 
essarily  been  arbitrary.  Therefore,  the  criteria  for  alternator  performance 
was  chosen  as  simply  its  electromagnetic  efficiency,  to  preclude  any  argument 
as  to  what  its  share  of  the  parasitic  looses  should  have  been. 

The  electrical  circuit  of  this  alternator  has  four  parallel  paths  for  the 
line  current:  two  in  circuits  and  two  through  conductors  in-hand.  This  ar¬ 
rangement  was  made  to  reduce  voltage,  because  low  voltage  reduces  the  need 
for  heavy  insulation,  and  the  voltage  should  be  significantly  below  the  corona 
start  voltage.  There  is  also  a  heat  leak  penalty  for  carrying  larger  currents. 
The  alternator  lead  heat  leak  with  the  optimum  cross  section  alternator  leads 
will  be  a  total  of  about  0.  24  watt,  a  small  but  significant  amount,  com  pared 
with  the  3.  78-watt  loss  in  the  alternator.  A  three-phase  winding  has  the  least 
current  and  copper  section  in  its  leads  for  the  least  number  of  phases  and, 
hence,  it  has  the  least  heat  leak. 

DESIGN  FOR  OPEN  CYCLE  TESTS 


It  is  necessary  to  design  the  turboalternator  so  that  it  can  be  operated  in 
the  open  cycle  with  stored  gas,  for  both  the  bearing  tests  and  the  shock  and 
vibration  tests. 

The  turboalternator  open  cycle  test  station  supplied  by  high-pressure  he¬ 
lium  trailers  can  provide  a  flow  to  the  test  station  at  conditions  of: 

•  Reference  pressure:  91  5  psig 

•  Temperature:  68.  0°F 

•  Mass  flow:  2.86  grams  per  second  (22.  76  pounds  per  hour) 

At  this  flow  rate,  the  cost  for  gas  would  be  approximately  $90  per  hour,  and 
the  maximum  running  time  for  a  full  79,  535-cuoic-foot  trailer  would  be  about 
60  hours.  A  smaller,  43, 832 -cubic  foot  trailer  is  also  available. 
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This  maximum  requires  too  much  gas  to  be  practical;  hence,  a  design 
study  was  conducted  for  a  turboalternator  operating  at  very  low  flows.  The 
radial  reaction  turboalternator  should  be  the  full  admission  type.  It  is  not 
appropriate  to  operate  this  turboalternator  with  a  partial  admission  nozzle. 
Therefore,  only  the  impulse  type  turbine  will  be  considered  for  the  very  low 
flows , 

A  series  of  design  runs  were  conducted  to  evaluate  the  performance  of 
low -flow,  partial  admission,  impulse  turbines.  Starting  with  the  design  point 
conditions  for  Design  Case  630601023,  the  flow  was  gradually  decreased,  and 
the  various  performance  aspects  were  examined. 

Turboalternator  design  computer  runs  were  conducted  down  to  very  low 
flows,  to  where  there  was  no  net  power  available  to  drive  the  hirbine  at  the 
target  design  speed  of  141,  300  rpm.  These  runs  were  made  for  the  conditions 
at  80°K  with  a  2.  5  pressure  ratio  of  the  design  conditions  and  with  the  use  of 
helium  gas.  The  turbine  wheel  design  remained  the  same,  but  the  arc  of  ad¬ 
mission  was  varied  (Figure  49).  The  zero  net  power  point  ended  up  to  be 
1. 353  grams  per  second. 


Figure  49.  Flow  as  a  Function  of  Power 
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At  a  flow  rate  of  1.49  grams  per  second,  there  is  a  net  power  available 
of  9.  86  watts.  This  power  will  be  used  as  the  design  basis.  The  correspond¬ 
ing  admission  fraction  for  the  turbine  wheel  is  0.  0807.  Hence,  an  alternate 
turbine  nozzle  design  will  be  made  for  an  admission  fraction  of  this  value, 
modified  from  the  larger  performance  design  admission  fraction  of  0.  2708. 

This  1.49  grams  per  second  amounts  to  using  a  large  helium  trailer  con¬ 
tinuously  for  115  hours,  and  the  hourly  gas  charge  would  be  $47  per  hour. 

This  1. 49-gram-per-second  flow  amounts  to  5.0-1  standard  bottles  of  helium 
to  be  used  each  hour.  The  corresponding  figure  for  a  nitrogen  gas  bottle  is 
0.497  bottles  per  hour. 

The  use  of  a  higher  pressure  ratio  can  be  considered  for  operation,  rath¬ 
er  than  the  design  pressure  ratio  of  2.  5,  up  to  the  limit  of  the  stored  gas  or 
the  facility  compressor.  Relative  to  available  power  at  room  temperature, 
there  should  be  no  problem,  because  the  higher  available  head  will  allow  a 
much  lower  pressure  ratio  to  be  used  to  drive  the  turbine  up  to  the  speed  de¬ 
sired.  Further,  the  use  of  nitrogen  at  room  temperature,  with  a  higher  head 
and  a  higher  mass  flow  available  for  the  same  small  admission  nozzle,  will 
allow  operation  at  pressure  ratio;  lower  than  the  design  pressure  ratio. 
Hence,  it  is  concluded  that  a  special  partial  admission  nozzle  with  a  minimum 
flow  is  feasible  to  adequately  drive  the  turboalternator  at  the  design  speed. 

Shock,  vibration,  and  gas  bearing  start-stop  tests  at  room  temperature 
will  be  made.  Start-stop  tests  for  this  type  of  turbine  require  only  an  accel¬ 
eration  to  get  the  gas  bearings  started.  It  is  estimated  that  a  0.  04  admission 
fraction  should  be  adequate  for  this.  Hence,  the  0.  0807  admission  nozzle  de¬ 
sign  will  be  used  with  only  half  of  the  nozzle  openings.  Should  this  require  too 
high  a  pressure,  the  nozzle  could  be  opened  with  the  addition  of  more  slots, 
or  widening  of  the  existing  slots. 

The  same  0.  04  nozzle  should  also  be  suitable  for  driving  the  turboalter¬ 
nator  for  shock  and  vibration  tests  at  room  temperature  at  the  design  speed. 

TURBOALTERNATOR  TEST  PLANS 


Turboalternator  tests  for  extreme  environments  were  to  be  conducted  for 
performance,  bearing  materials,  shock,  and  vibration. 

TEST  80°K  TURBOALTERNATOR 

Functional  Tests 


The  parts  for  the  80°K  Big  Bertha  turboalternator  made  during  the  Phase 
II  portion  of  the  program  were  to  first  be  assembled  and  tested  to  assure  ac¬ 
ceptable  functional  operation  at.  the  open  C’de  test  station  with  the  0.  04  ad¬ 
mission  fraction  nozzle  with  the  impulse  turbine  wheel. 
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Warm  Pe rformance 


Warm  performance  tests  were  to  be  conducted  to  calibrate  nozzles  and 
test-evaluate  the  gas  bearings  and  rotating  assembly  at  room  temperature, 
at  the  laboratory  open  cycle  test  station.  Pressure  difference?  across  the’ 
rotating  assembly  were  to  be  evaluated  relative  to  the  characteristic  perform¬ 
ance  parameters,  such  as  the  pressure  ratio  and  the  velocity  ratio.  The  data 
were  to  be  reduced  with  an  existing  performance  data  reduction  program. 

Both  helium  and  nitrogen  gases  would  have  been  used. 

Cold  Performance 


Cold  performance  tests  with  liquid  nitrogen  precooling  were  to  be  con¬ 
ducted  in  a  manner  similar  to  that  for  the  warm  performance  tests,  but  only 
helium  gas  would  have  been  used.  After  these  tests,  any  adjustrru  nt  in  the 
nozzle  could  have  been  resolved  for  subsequent  gas  bearing  and  shock  and 
vibration  tests. 

Shock  and  Vibration 

Shock  and  vibration  tests  were  10  be  conducted  operating  the  turboalterna¬ 
tor  at  room  temperature.  Tests  would  have  been  conducted  on  appropriate 
shock  and  vibration  test  equipment,  in  line  with  the  test  plan  developed  in 
Phase  II.  Only  a  low -flow  nozzle  would  ha- e  been  used,  as  in  the  bearing 
tests,  because  it  is  most  practical  to  drive  the  turboalternator  with  stored 

high-pressure  gas  in  the  vicinity  of  the  General  Electric  shock  and  vibration 
test  equipment. 

Gas  Bearing  Materials  Tests 

Gas  bearing  tests  would  have  been  conducted  at  the  gas  bearing  test  sta- 
lon.  A  special  low  flow  nozzle  was  to  be  used  with  an  impulse  mrbine  wheel 
o  minimize  the  stored  gas  required.  All  tests  were  to  be  conducted  with  no  * 
alternator  load.  The  turboalternator  was  to  be  installed  under  a  bell  jar  to 
prevent  outside  contaminants  from  entering  the  test  unit. 


arm  start-stop  tests  were  to  be  conducted  at  room  temperature,  using 
a  imed  solenoid -actuated  turbine  inlet  gas  valve,  and  a  strip  chart  recorder 
wou  ave  been  used  to  trace  the  acceleration  and  deceleration  paths  for  each 
start  stop  cycle.  Cold  start-stop  evaluation  tests  would  have  been  conducted 
using  the  same  bell  jar  arrangement,  with  the  incoming  gas  precooled  in  a 
dewar  of  liquid  nitrogen. 

TEST  80rK  CRYOSECTION  SYSTEM 

The  cryogenic  heat  exchanger  system  from  Phase  II  would  have  been  in¬ 
corporated  in  the  closed  cycle  cryosection  test  station  in  the  cryogenic  refrig- 


eration  laboratory  at  the  Research  and  Development  Center.  The  80°K  turbo¬ 
alternator  was  to  be  plumbed  to  the  cryogenic  heat  exchanger.  All  the  neces¬ 
sary  plumbing  and  accessories  were  to  be  incorporated,  (o  completely  function- 
performance-test  this  80°K  system.  The  high-pressure  helium  gas  source 
would  have  been  provided  by  the  Research  and  Development  Center  facility 
compressor.  Performance  data  were  to  be  obtained,  and  through  the  extension 
of  the  existing  data  reduction  programs,  complete  performance  data  would 
have  been  reduced  and  analyzed. 

All  performance  tests  would  have  been  conducted,  using  the  large  noz¬ 
zles  designed  for  highest  efficiency.  Either  one  or  two  sets  of  wheels  and 
nozzles  were  to  be  used,  to  evaluate  both  partial  admission  and  full  admission 
turbine  performance. 

Warm  performance  and  functional  tests  would  have  been  conducted  to 
calibrate  the  large  nozzles  and  to  test-evaluate  the  gas  bearings  and  rotating 
assembly  at  room  temperature,  at  the  laboratory  open  cycle  test  station. 

Only  small  pressure  ratios  are  possible,  because  of  the  relatively  large  noz¬ 
zle  openings. 

Warm  performance  tests  would  have  been  continued  after  the  turboalter¬ 
nator  was  installed  with  the  cryogenic  heat  exchanger  in  the  cryosection  test 
station.  Tests  were  to  be  conducted  as  a  closed  cycle,  with  the  facility  com¬ 
pressor. 

Cold  performance  evaluation  tests  would  have  been  conducted  at  the 
closed  cycle  test  station,  as  a  continuation  of  the  above  warm,  closed  cycle 
performance  tests.  A  liquid  nitrogen,  fast-cooldown  coil  would  have  been 
incorporated. 

JOURNAL  BEARING  MATERIAL  EVALUATION  TESTS 

During  the  development  of  turboalternators  under  U.S.  Air  Force  Con¬ 
tract  No.  F33615-71-C-1003,  difficulties  were  encountered  in  manufacturing 
satisfactory  tilting  pad  journal  bearings  made  of  304L  stainless  steel,  with  a 
nitrided,  hardened  case.  The  problems  were  carsed  in  the  nitriding  process. 
The  nitrided  case  was  either  nonuniform,  or  the  depth  was  much  greater  than 
that  specified,  causing  excessive  distortion  and  cracking,  so  the  pads  could 
not  be  machined  to  drawing  specifications.  A  few  of  the  nitrided  journal  bear¬ 
ings  were  successfully  manufactured,  but  when  tested  in  a  turboalternator 
assembly,  the  bearings  appeared  to  distort  as  the  operating  temperature  ap¬ 
proached  100°K,  damaging  the  journal  surfaces. 

In  view  of  the  above  difficulties,  other  materials  were  investigated.  One 
of  the  most  promising  materials  was  Kentanium,  Grade  K-165,  manufactured 
by  Kennametal,  Inc. ,  at  Latrobe,  Pennsylvania.  Kentanium  is  the  trade  name 
for  a  series  of  hard  carbide  allows  of  sintered  powdered  metal,  with  titanium 


carbide  as  the  principal  ingredient.  Nickel  and  nickel-molybdenum  are  used 
as  the  binder  materials. 

Because  Kentamiun  has  a  lower  coefficient  of  thermal  expansion,  the  ma- 
chined-in  clearance  will  be  larger  at  low  temperatures,  in  comparison  to  stain¬ 
less  steel  pads,  because  the  pad  radius  will  not  shrink  as  much.  This  is  in 
the  proper  direction  for  increased  stability  and  increased  load  capability  for 
the  low  viscosity  to  be  experienced  at  low  temperatures,  because  the  nondi- 
mensional  film  thickness  is  decreased  for  the  same  actual  pivot  film  thick¬ 
ness.  With  this  trend,  together  with  the  load  capability  increase,  a  slight  in¬ 
crease  in  bearing  friction  will  be  experienced. 

Three  samples  of  Kernanium  recommended  for  use  at  extreme  tempera¬ 
tures  were  obtained:  Grades  K-151A,  K-..32B,  and  K-165.  The  hardness  of 
these  materials  ranges  from  90.0  to  93.5  Rockwell  A. 

Test  samples  of  each  grade  were  prepared  for  cryogenic  testing  by  grind¬ 
ing  a  V-notch  across  one  surface  and  shocking  the  materials  by  quenching  it 
repeatedly  in  the  liquid  nitrogen,  from  room  temperature.  No  fractures  or 
cracks  were  visible  upon  examination  of  the  samples  under  a  60-power  micro¬ 
scope. 

Friction  and  wear  tests  wei  -»  also  made  on  the  Kentanium  samples  and  on 
a  sample  of  nitrided  31 G  stainless  steel  in  a  Dow  Corning  testing  machine. 

The  samples  were  all  tested  under  the  same  conditions,  riding  against  a  ro¬ 
tating  ring  of  316  stainless  steel  1-3/8  inches  in  diameter,  nitrided  and  ground 
on  the  outside  diameter  to  a  2-rms  finish,  representative  of  the  journal  sur¬ 
face  on  a  finished  shaft.  Grade  K-165  gave  the  best  results,  by  producing  the 
least  amount  of  wear  and  the  lowest  dynamic  coefficient  of  friction,  0.  55. 

Based  on  the  above  test  results,  a  set  of  six  Kentanium  (K-165),  tilting 
pad  journal  bearings  were  made  to  the  design  shown  in  Figure  50,  for  the  Tiny 
Tim  turboalternator  (0.  261 -inch -diameter  shaft).  Before  the  Kentanium  jour¬ 
nal  bearings  were  tested,  the  Air  Force  contract  was  terminated. 

To  evaluate  the  Kentanium  journal  bearing  material  for  use  in  the  Advanced 
Research  Projects  Agency  Big  Bertha  turboalternator  (0.  5-inch -diameter  shaft), 
tests  were  continued  on  the  Tiny  Tim  turboaltemator  assembly  under  the  Ad¬ 
vanced  Research  Projects  Agency  contract. 

The  Tiny  Tim  turboalternator  assembly  consisted  of  a  0.  5-inch-diameter, 
37-blade,  aluminum  turbine  wheel.  New  tungsten  carbide  journal  bearing  pivot 
balls,  0.  077  inch  in  diameter,  were  also  used  in  this  assembly.  The  tungsten 
carbide  balls  were  braze:]  to  the  end  of  'he  304L  stainless  steel  pivot  stems, 
to  provide  a  hard  homogeneous  material  that  will  withstand  the  comparatively 
high-hertz  stress  incurred  on  the  tip  oF  the  pivot  ball  by  the  new  flat -bottom 
journal  bearing  pivot  sockets.  The  journal  bearing  radial  clearances  were  ad- 
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justed  to  250  microinches,  and  the 
shaft  a  total  axial  travel  of  0.  0008 
of  0.  0015  to  0.  0023  inch. 

Turboalternators  are  initially 
ized,  to  allow  the  shaft  to  fall  free 
are  made. 


After  the  turboalternators 
are  made,  evaluation  tests  are 
room  temperature  and  near  liq 
gram  of  the  test  station  is  sho\ 
or  nitrogen)  is  supplied  from  the 

the  turbine  to  atmosphr-- - 

performed  by  precooling  the  helium 
liquid  nitrogen. 


are  assembled  and  the  clearance  ajjustmenfs 
3rformed  in  an  open  cycle  test  station  at 
i  nitrogen  temperature.  A  schematic  dia- 
in  Figure  51.  High-pressure  gas  (helium 
gas  cylinder  banks  and  is  expanded  across 
eric  pressure.  Liquid  nitrogen  temperature  tests  are 
-  i  gas,  using  a  cooling  coil  immersed  in 
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Figure  54.  Shaft  Orbits  of  Turboalternator  Assembly 
with  Kentanium  Journal  Bearings  Operat¬ 
ing  at  Room  Temperature  and  100,  000  Rpm 
(Oscilloscope  sensitivity  is  400  microinches 
per  centimeter. ) 


Figure  55.  Thrust  Probe  Signal  of  Turboalternator  with 
Kentanium  Journal  Bearings  Operating 
at  Room  Temperature  and  100,  000  Rpm 
(Oscilloscope  sensitivity  is  400  microinches 
per  centimeter  vertically  and  1.  0  millisec¬ 
onds  per  centimeter  horizontally. ) 
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the  system  from  ambient  moisture.  The  sealed  housing  was  not  assembled 
onto  the  turboalternator,  because  performance  data  were  not  to  be  taken  during 
the  bearing  evaluation  test  run. 

The  turboalternator  was  operated  for  1  hour  at  room  temperature,  100,  000 
rpm,  and  no  load,  to  purge  the  system  with  dry  (5-ppm  moisture  content) 
helium  gas.  Then  liquid  nitrogen  was  gradually  added  to  the  dewar  containing 
the  cooling  coil,  to  slowly  cool  the  turboalternator  assembly.  In  previous  cold 
tests  on  this  Air  Force  turboalternator,  using  the  nitrided  journal  bearings, 
turboalternators  operated  roughly  and  were  damaged  as  the  gas  inlet  tempera¬ 
ture  approached  100°  K. 

After  2-1/2  hours  of  cooling  and  gradually  increasing  the  alternator  load 
to  165.  5  ohms  (approximately  16  watts)  at  100,  000  rpm,  the  turboalternator 
continued  to  operate  very  well  with  the  gas  inlet  temperature  at  93° K  and  the 
average  stator  temperature  of  102°  K.  The  only  problem  encountered  was  that 
one  of  the  orbit  proximity  probe  connections  opened,  so  only  the  shaft  orbit  at 
the  turbine  end  could  be  monitored.  Otherwise,  the  turboalternator  operation 
was  essentially  the  same  as  it  had  been  at  room  temperature. 

The  turbine  end  shaft  orbit  remained  the  same.  A  slight  increase  in  the 
axial  motion  of  the  shaft  and  the  outer  thrust  bearing  were  noted.  As  the  next 
load  point  of  142  ohms  was  applied  to  the  alternator,  the  turbine  operation  be¬ 
came  unstable  in  the  axial  plane.  The  proximity  probes  viewing  the  shaft  and 
the  outer  thrust  showed  comparatively  large  oscillations  and  indicated  that  the 
shaft  was  touching  the  thrust  bearings.  The  alternator  load  was  reduced  im¬ 
mediately,  and  smooth  operation  was  obtained  again.  The  unstable  operation 
may  have  been  caused  by  the  outer  thrust  bearing  touching  the  proximity  jbe 
as  the  gas  flow  to  the  turbine  was  increased  to  maintain  the  speed  at  100,  uuO 
rpm,  wiin  the  increase  in  the  alternator  load. 

Because  the  operation  of  the  turboalternator  seemed  to  be  limited  to  the 
above  conditions,  it  was  decided  to  remove  the  alternator  load  and  test  the 
journal  bearing  at  temperatures  of  approximately  100°  K  with  start- stop  tests. 
Ten  start- stop  tests  were  successfully  made  with  the  turbine  starting  at  nozzle 
inlet  pressures  ranging  from  3.  2  to  3.  8  inches  of  mercury  and  coasting  to 
.i  mooth  stops  when  the  gas  was  turned  off. 

The  assembly  was  allowed  to  warm  up  to  room  temperature,  and  the 
turboalternator  continued  t^  operate  satisfactorily.  The  proximity  probe 
viewing  the  outer  thrust  bearing  definitely  appeared  to  be  positioned  closer  to 
the  bearing  than  during  the  initial  adjustment,  indicating  that  the  diameter  of 
the  gimbal  pivot  balls  should  be  increased  further,  to  eliminate  this  type  of 
shift  in  the  thrust  bearings. 

The  turboalternator  was  then  partially  disassembled,  to  allow  examination 
of  the  shaft  journal  surfaces  by  viewing  them  between  the  journal  bearings, 


using  a  60-power  microscope.  There  were  no  indications  of  wear  or  discolora¬ 
tion  on  the  shaft  journal  surfaces. 

After  successfully  operating  the  turboalternator  with  the  Kentanium  journal 
bearings  ^t  temperatures  approaching  that  of  liquid  nitrogen,  it  was  decided 
to  further  evaluate  the  journal  bearings  by  setting  up  a  special  experiment  to 
operate  the  turboalternator  at  temperatures  near  that  of  liquid  helium.  In  the 
past,  58° K  has  been  the  lowest  temperature  at  which  a  turboalternator  has 
satisfactorily  operated.  This  operation  was  accomplished  as  part  of  a  U.S. 
Army  contract,  using  a  slightly  different  turboalternator  operating  in  a  re¬ 
frigerator  system. 

A  schematic  diagram  of  tne  experimental  liquid  helium  open  cycle  turbo¬ 
alternator  test  station  is  shown  in  Figure  56.  The  liquid  nitrogen  test  station 
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Figure  56,  Schematic  Diagram  of  Liquid  Helium  Open  Cycle 
Turboalternator  Test  Station 
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was  modified  by  adding  a  sealed  liquid  helium  dewar  with  a  control  valve  and 
a  short  insulated  line  to  the  turboalternator  inlet  gas  supply.  A  heater  located 
at  the  bottom  of  the  dewar  was  used  to  control  the  gas  boil-off  rate  from  the 
liquid  helium,  to  drive  the  turbine  and  maintain  a  pressure  of  approximately 
15  psig  in  the  dewar. 

In  the  liquid  nitrogen  open  cycle  tests,  the  turbine  l.nltt  gas  temperature 
was  measured  by  a  copper -constantan  tnermocouple,  with  the  reference  junc¬ 
tion  at  liquid  nitrogen  temperature.  Because  the  sensitivity  of  the  copper- 
constantan  thermocouples  drops  off  quite  rapidly  below  liquid  nitrogen  tem¬ 
perature,  a  germanium  temperature  sensor,  calibrated  from  75° K  down  to 
4.  2  K  by  Scientific  Instruments,  Inc.  ,  was  installed  in  the  nozzle  exhaust,  to 
monitor  temperatures  below  liquid  nitrogen  temperature.  To  reduce  the  radi¬ 
ation  losses  from  the  turboalternator,  12  iayers  of  aluminized  Mylar  were 
wrapped  around  the  plastic  gas  shields  used  to  direct  the  cold  gas  from  the 
exhaust  back  around  the  turboalternator  assembly  to  cool  the  whole  unit.  A 
stainless  steel  can  was  placed  over  the  turboalternator  assembly,  to  isolate 
the  system  from  ambient  moisture.  Another  radiation  shield  was  installed 
in  the  can  above  the  turboalternator  assembly,  to  improve  the  thermal  isolation. 

The  liquid  helium  dewar  used  held  a  maximum  of  33  liters  of  liquid.  This 
amount  of  liquid,  when  converted  to  gas,  would  operate  the  turbine  for  approx¬ 
imately  1  hour,  depending  on  the  operating  speed  and  the  alternator  load  ap¬ 
plied.  Therefore,  to  conserve  the  liquid  helium,  the  test  was  started  by  op¬ 
erating  the  system  as  an  open  cycle  liquid  nitrogen  station  to  precool  the  turbo  - 
alternator  to  temperatures  near  that  of  liquid  nitrogen.  The  same  procedures 
and  cooling  rates  described  above  for  the  initial  liquid  nitrogen  test  were  repeated. 

Figures  57  and  58  show  the  proximity  probe  signals  obtained  at  the  be¬ 
ginning  of  the  test,  with  the  turboalternator  operating  at  room  temperature 
and  1J0,  000  rpm  and  with  no  load  on  the  alternator.  (The  faint  shadows  seen 
on  the  orbit  probe  signals  in  the  oscilloscope  photographs  were  caused  by  the 
proximity  probe  instrumentation,  especially  with  the  higher  sensitivities  used 
during  this  test.  ) 

After  2-12  hours  of  cooling,  the  turboalternator  continued  to  operate 
satisfactorily  at  100,  000  rpm  with  a  990-ohm  load  (approximately  3.  0  watts) 
as  the  inlet  gas  temperature  reached  95°  K  and  with  an  average  stator  tem¬ 
perature  of  113°K.  Figures  59  and  60  show  the  proximity  probe  signals  ob¬ 
tained.  The  turbine  was  allowed  to  operate  at  the  above  conditions  for  about 
1  hour  while  the  liquid  helium  was  transferred  into  the  dewar.  The  liquid 
helium  dewar  was  sealed,  and  the  heater  was  adjusted  to  increase  the  gas  boil- 
cff  rate.  The  gas  flow  from  the  liquid  helium  dewar  was  gradually  increased 
to  the  turboalternator  by  opening  the  line  control  valve  and  closing  the  control 
valve  from  the  liquid  nitrogen  cooling  system.  Tv.e  turboalternator  load  was 
then  gradually  increased,  increasing  the  gas  flow  through  the  turbine  to  main¬ 
tain  the  speed  at  100,000  rpm.  As  the  turbine  cooled,  the  operation  remained 
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Figure.  57.  Shaft  Orbits  of  Turboalternator  with  Kentanium 
Journal  Bearings  Operating  at  No  Load,  Room 
Temperature,  and  100,  000  Rpm  Before  Liquid 
Helium  Boil -Off  Test  (Oscilloscope  sensitivity 
is  200  microinches  per  centimeter.  ) 


Figure  58.  Shaft  Axial  Motion  (upper  trace)  and  Outer 

Thrust  Bearing  Motion  (lower  trace)  of  Turbo- 
alternator  with  Kentanium  Journal  Bearings 
Operating  at  No  Load,  Room  Temperature, 
and  100,  000  Rpm  (Oscilloscope  sensitivity 
is  400  microinches  per  centimeter  vertically 
and  1.  0  millisecond  per  centimeter  horizontally.  ) 
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Figure  59.  chaft  Orbits  of  Turboalternator  Operating  at  95° K 
arid  100.  000  Rpm  with  3.  0-Watt  Load  Before 
Liquid  Helium  Boil-Off  Test  (Oscilloscope  sensi¬ 
tivity  is  200  microinches  per  centimeter.  ) 


Figure  60.  Shaft  Axial  Motion  (upper  trace)  and  Outer  Thrust 
Bearing  Motion  (lower  trace)  of  Turboalternator 
Operating  at  95° K  and  100,  000  Rpm  with  3.  0-Watt 
Load  (Oscilloscope  sensitivity  is  200  microinches 
per  centimeter.  ) 
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the  same,  with  the  exception  of  one  of  the  orbit  probes  opening  at  the  turbine 
end  of  the  shaft,  so  only  the  thrust-end  shaft  orbit  could  be  monitored. 

ooor/"fte,rJi5  minutes  of  operation,  the  turbine  exhaust  temperature  reached 
28  K  at  100,  000  rpm  with  a  326.  5-ohm  load  (6.  78  watts).  Twenty  minutes 
later,  the  turbine  exhaust  temperature  reached  14°  K  with  a  165.  5-ohm  load 
(13.  4  watts).  Figures  61  and  62  show  the  proximity  probe  signals  obtained. 
A  slight  oscillation  on  the  order  of  80  microinches  was  noted  in  the  axial 
motion  of  the  shaft,  with  very  little  change  noted  in  the  outer  thrust  bearing 


As  the  alternator  load  was  increased  to  142  ohms,  the  exhaust  tempera¬ 
ture  decreased  to  9.  8°K,  but  the  operation  of  the  outer  thrust  bearing  became 
rough  (Figure  63).  This  condition  indicated  that  the  shaft  thrust  surface  was 
mtermrttentiy  touching  the  thrust  bearings,  causing  the  rough  operation  noted. 
The  shaft  thrust  orbit  also  became  slightly  larger  in  diameter.  To  avoid 
damaging  the  turboalternator  parts,  the  alternator  load  was  quickly  reduced 
to  199-ohms,  and  the  turbine  returned  to  smooth  operation  at  14°  K  and  100  000 
rpm.  The  turbine  continued  to  operate  satisfactorily  under  the  above  condi¬ 
tions  for  approximately  10  minutes,  before  the  liquid  helium  supply  was  de¬ 
pleted.  The  total  running  time  below  liquid  nitrogen  temperature  was  approxi¬ 
mately  50  minutes. 


stonJl1nSfi,eX^eriTent  Wa.S  7ry  successfu1’  achieving  a  very  significant  mile- 
stone  in  the  do vclrjpmcnt  of  turboalternators  for  cryogenic  refrigeration. 

IS  is  the  lowest  known  temperature  ever  achieved  with  a  turboexpansion 
machine  anywhere  in  the  world.  It  is  the  first  step  in  establishing  the  feasi¬ 
bility  of  operating  turboalternators  with  extremely  low-viscosity  helium  gas- 
lubricated  bearings.  The  9.  8"  K  helium  gas  is  probably  the  lowest  viscosity 
lluid  ever  used  in  a  hydrodynamic  bearing  system. 


The  problem  encountered  with  the  thrust  bearings  at  the  low  temperature 

m  tGSt  Sh°Uld  be  eliminated  by  increasing  the  diameter  of  the  gimbal 

pivot  balls  to  reduce  the  clearance  between  the  ball  and  the  socket  of  the  pivots 

1S  ^C^ase  would  allow  finer  adjustment  of  the  thrust  bearing  clearances 
and  should  considerably  stiffen  the  operation  of  the  thrust  bearings 


The  liquid  helium  experiment  was  repeated,  in  an  effort  to  obtain  a  few 
data  points  at  the  low  temperatures.  The  same  cooldown  procedures  were 
used,  and  similar  operation  was  observed  with  the  turbine  operating  at  90  000 
rpm.  As  the  exhaust  temperature  reached  16.  0°K,  both  orbit  signals  were 
k)st,  due  to  either  shorts  in  the  connectors  or  open  circuits  in  the  probes. 

is  ame  the  turboalternator  operation  became  rougher  as  the  142-ohm  load 
was  applied.  Figures  64  and  65  show  the  increase  in  the  shaft  axial  motion. 

A  irJhl  °scllloscoPe  Photographs  were  taken,  the  turbine  suddenly  stopped, 
and  the  helium  gas  supply  was  quickly  turned  off.  Efforts  were  made  to  re¬ 
start  the  turbine,  but  it  would  not  spin  and  lift  off  of  the  bearings. 


The  system  was  allowed  to  return  to  room  temperature.  The  turbine 
then  started  normally,  as  gas  was  applied  to  the  nozzle,  and  operated  satis¬ 
factorily  with  no  significant  change  noted.  A  frozen  contaminate  particulate 
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Figure  61.  Shaft  Thrust  End  Orbit  of  Turboalternator 
Operating  at  14°  K  and  100,  000  Rpm  with 
?3.  4-Watt  Load  (Oscilloscope  sensitivity 
is  200  microinches  per  centimeter.  ) 


Figure  62.  Shaft  Axial  Motion  (upper  trace)  and  Outer 

Thrust  Bearing  Motion  (lower  trace)  of  Turbo¬ 
alternator  Operating  at  14°  K  and  100,  000  Rpm 
with  13.  4-Watt  Load  (Oscilloscope  sensitivity 
is  200  microinches  per  centimeter.  ) 


94 


Figure  63.  Shaft  Axial  Motion  (upper  trace)  and  Outer 

Thrust  Bearing  Motion  (lower  trace)  for  Turbo- 
alternator  Operating  at  9.  8°K  and  100,  000  Rpm 
with  142-Ohm  Load  (Oscilloscope  sensitivity 
is  200  microinches  per  centimeter.  ) 


Figure  64.  Second  Liquid  Helium  Boil-Off  Test:  Shaft 

Axial  Motion  (upper  trace)  and  Outer  Thrust 
Bearing  Motion  (lower  trace)  with  Turbo- 
alternatcr  Operating  at  16°  K  and  90,  000  Rpm 
with  142-Ohm  Load  (Oscilloscope  sensitivity 
is  200  microinches  per  centimeter.  ) 


Figure  65.  Later  Photograph  o  Second  Liquid  Helium  Boil-Off 
Test:  Shaft  Axial  Motion  (upper  trace)  and  Outer 
Thrust  Bearing  Motion  (lower  trace)  with  Turbo- 
alternator  Operating  at  16°K  and  90,  000  Rpm 
with  142-Ohm  Load  (Oscilloscope  Sensitivity 
is  200  micro  inches  per  centimeter.  ) 

from  the  system  must  have  been  carried  into  the  nozzle,  restricting  the  clear¬ 
ance  between  the  turbine  wheel  and  nozzle  and  causing  the  turbine  to  stop. 

^he  data  obtained  during  the  last  low-temperature  test  are  listed  in 
Table  8.  A  photograph  of  the  liquid  helium  boil-off  open  cycle  turboalternator 
tes+  station  is  shown  in  Figure  66. 


Table  8 

TURBOALTERNATOR  DATA  OBTAINED 
DURING  SECOND  LIQUID  HELIUM  BOIL-OFF  TEST 


Time 

Data 

Point 

Speed 

(rpm) 

Nozzle 

Inlet 

Pressure 

(inches  of  mercury) 

Load 

Resistance 

(ohms) 

Alternator 
Voltage, 
Line- Neutral 
(volts) 

Total 

Electric 

Power 

(watts) 

Turbine 
Exhaust 
Temperature 
(°  K) 

11:21 

1 

90.  300 

6.2 

492.  0 

25.  0 

3.  81 

77* 

11:30 

2 

92.  400 

8.  5 

326.  5 

25.  4 

5.  94 

42.  0 

11:36 

3 

89.  200 

10.  5 

248.  0 

24.  5 

7.  27 

29.  6 

11:43 

4 

90.  180 

13.  2 

199.  0 

24.  9 

9.  39 

23.  0 

11:45 

5** 

-- 

19.  3 

142.  0 

-- 

— 

16.  0 

♦Approximate 

^♦The  turbine  was  stopped  during  this  period. 
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CR-2456 


I 


* 


Diameter  Shaft) 


The  turboalternator  is  mounted  on  gas -lubricated  journal  bearings  Three 

with  Trn  Pa<  l*1  each  j°urnal  faring  support  the  0.  50-inch-diameter  shaft 
an  opti ating  gas  film  thickness  c  >  the  order  of  400  microinches  These 

stabTe  ooeerar  tilting  pad  type  and  are  capable  of 

peration  throughout  the  operating  range  and  at  any  attitude 

the  shaft  axTallv  PUrmkinfh  self~actlng-  sPiral  groove  thrust  bearings  position 
li.hHn!  r  ,  y'  Llke  he  Journal  bearings,  the  thrust  bearings  are  gas- 

enhre  bef  K  ^  ?  °perate  with  a  600-microinch  gas  film  thickness.  The 

mourned  andnfhSy  V*  s,elf-aligning.  because  the  thrust  bearings  are  gimbal- 

operation  of  th*  ^  are  individually  self-aligning  Satisfactory 

P  ation  of  the  complete  bearing  system  can  therefore  be  somewhat  independent 

wh‘  ,  ac^Uracy  v  lth  which  adjacent  parts  are  manufactured.  The  radial  inflow 
Neither  merr  ^  C!l°Se  blade'tip  &Xial  clea—  to  minimize  leakage 

nator^b^hi^1116  e°e^gy  18  ab  sorbed  by  a  tv.  a -pole  permanent  magnet  alter- 
enep  ’  fh  compact  alternator  is  a  very  practical  device  for  ext-actirg 
energy  at  cryogenic  temperatures,  when  that  energy  will  be  dissipated  at  a 
remote  location.  The  two-role  magnet  operates  wffhin  the  stated  which  is 
und  three-phase  in  a  core  of  low-loss  iron  laminations. 

.  .  .Jhe,  vacuum-tight  enclosure  shown  would  be  welded  for  the  final  assemhlv 
bu  ttho  design  allows  the  use  of  replaceable  static  seals  for  initial  tests  Prox- 

ZZTZZT  \ T  ‘nSta,lled  ,0  m°nit0r  ,he  po3iti°"  °f  -tor  and  gal 

i«»:(  xr probe  on  ihe  °u,er  ,hrust  bearing  is  sh-n  *»  ">•>"- 


operatXXwga  ThrringHUrb0alternal0rS  require  Very  CloSe  “Frances  to 
.  .  .  P  P  aerodynamic  components  also  require  close  clearances 

to  achieve  maximum  performance  potentials  Tho^f  f  clearances 

lhtedeasig„Sh  Thear:esXVcaPn-CedUtreS  °f  3  -ndidate  design  at^TnUpUon 
,  °  ,  rc3ulls  can  -'ad  to  minimizing  the  number  of  critical  toler- 

the  least  ^taUedT  ^  pr°vide 

be  initiated  on  tWs  contract. ‘  ^  pr°cedurea  w"e  about  to 

STATUS  OF  TURBOALTERNATOR  PARTS 

AdvancedmRiseily  °f  'he  manufacturing  drawings  have  been  completed  for  the 

ous  s"ases  of  com  1  P.F°jec^  A«ency  ‘urboalternator,  and  parts  were  in  vari- 

Several  of  the  turhoal!°n  'T"  ‘S  P°rli°n  °f  lhe  con,rac(  was  terminated. 

B8  The  f  turboalternator  parts  were  photographed,  as  shown  in  Figure 

the  parts  ^  ^  Tab‘e  9  °Utli"es  puapti“-  a"d  the  s, a,  "s  of 
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Table  9 


INVENTORY  OF  TURBOALTERNATOR  PARTS 
(BIG  BERTHA  FRAME  SIZE) 
(Assembly  Drawing  588E480G1) 


Nome 


General  Klectrlc 
Drawing 


Item. irks 


Housing  Stator  Section 


S8BF,444Pi 


Complete,  except  f  r  final  In¬ 
spection  snd  deburrmg 


Housing  Statoi  Section 
Shafts 

Shafts 


588K444P1 

5B8K456P1 

5B8C456P1 


25-percent  complete 

Brazed  assemblies  as  received 
from  vendor 

/ill  bad  magnet-io-ahaft  brazes 
joint  broke  in  bend  test 


Stator 


4  23043  4111 


Punchings  aaati  ibied  --  wlndlnga 
not  atarted 


Outer  Thrust  Gimbal 
Assembly 

Housing  Outer  Gimbai 

Housing  Outer  Gimbal 
Outer  Thrust  Bearings 

Gimbal  Pivot  Stems 

Gimbal  Pivot  Screws 

Gimbal  Pivot  Screws 

Gimbal  iilnga 

Nozzle  Assembly 
Turbine  Wheel 

Gas  Inlet  and  Discharge 
Cylinder 


5FdK4SSPi 

588K455PI 

423D470P2 

664H374GI 

664H311P3 

664H3I1P4 

543C607 

423D630G1 
423D'.3  Pi 
423D632GI 


Complete  except  for  final  inapec- 
tion  and  dcburrlng 

25-perc.  nt  complete 

Spiral  grooves  etched,  spring  cal¬ 
ibration  and  final  inspection  required 

Balls  brazed  to  stems  --  balls  must 
be  cleaned  and  lapped,  and  stems 
must  be  cut 

As  received  from  nttrlding,  case 
depth  only  i  to  i  -  1  / 2  mils 

As  received  from  nttrlding,  case 
di*n*'.i  only  1  to  1-1/2  mils 

Machining  complete  springs, 
uncalibrated 

Not  started 

Not  atarted 

Not  started 


Gas  Inlet  and  Discharge 
Cylinder 


543C605G1 


Obsolete  design.  50-percent  complete 


Kilter  Hnuaing 

Cover  --  Turbo  Section 

Probes 

Probes 

Bearing  Pads 

Inner  Thrust  Gimbai 
Assembly 

Housing  Inner  Gimbals 
Housing  Inner  Gt  ibais 
Inner  Thrust  Bearings 

Bearing  Stem  (spring 

loaded) 


423D633GI 

423D634GI 

543CI69GI 

S43CI69G2 

543CI84PI 

543C:B5Gi 


Not  started 
Not  started 

Twenty-one  probes  only,  not  calibrated, 
still  on  Air  Force  contract 

Ten  probes  only,  not  calibrated,  still 
on  Air  Force  contract 

Kcntanium  as  cast  from  vendor 


423D464PI 

423D464PI 

423D470PI 

543C495 


Machining  complete 

25-percent  complete 

Spiral  grooves  etched,  spring  cali¬ 
bration  and  final  Inspection  required 

25-percent  complete 


CH-2454a 
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Table  9  (Cont'd) 

INVENTORY  OF  TURBOALTERNATOR  PARTS 
(BIG  BERTHA  FRAME  SIZG) 
(Assembly  Drawing  588E486G1) 


entity 

Part 

Name 

General  Electric 
Drawing 

Remarks 

21 

23 

Bearing  Stem  Supporta 

543C193PI 

Complete 

24 

24 

Bearing  Sterna 

543C193P2 

Tungsten  carbide  bails  brazed  to 
atema,  60-percent  complete 

25 

24 

Bearing  Stems 

543C193P2 

Obsolete  design  --  nitrlded,  not 
finished 

2 

24 

Bearing  Stem  Sampiea 

543CI93P2 

Machined  from  tungsten  carbide  to 
establish  procedures  for  i /2-inch 
radius  on  tip  of  ball 

1 

28 

Filter 

C64B360 

Ai  received  from  Microporoua  Filter 
Division  of  Circle  Seal  Corporation 

2 

29 

End  Cap 

664B361P1 

Machining  ccmpiete 

2 

31 

Locking  Plate 

684BB38P 1 

Complete 

4 

32 

Locking  Plate 

664B383P2 

Complete 

3 

33 

Locking  Plate 

684B3S3P3 

Complete 

2 

34 

Locking  Plate 

66«B363P4 

Complete 

a 

35 

Probe  Viewer  Screw 

21 1 A2220P1 

Machining  complete 

2 

-- 

Electrical  Headers 

864B381 P2 

For  single  probe  feedthrough 

10 

-- 

Weldable  Probe  Lead 
Feedthroughs 

Microdot,  Inc. 
053-0728-0001 

Leak  tight  aa  received  and  after  cool¬ 
ing  to  liquid  nitrogen  temperature 

20 

Probe  Lead  Conncctora 

Microdot,  Inc. 
132-0300-0004 

As  received 

8 

*  - 

Probe  Lead  Connectors 

Microdot,  inc. 
132-0118-0004 

Aa  received 

7 

”  ” 

Thermocouple  and  Alter¬ 
nator  Lead  Feedthrougha 

Ceramaseal,  Inc 
78952 

Two  tested  --  "eak  tight  aa  received 
and  after  cooling  to  liquid  nitrogen  tern 
perature  ipne  leaked  7  »  1  IT® ) 

3 

Seta  of  Experimental 
Kentanlum  Shaft  Sections 
(aa  received  from  vendor) 

1 

-- 

Assembly  Fixtures 

— 

-- 

1 

-- 

Shaft  Holder 

423D444P1 

Complete 

2 

-- 

Dummy  Shaft 

423D444P2 

Complete 

1 

— 

Thrust  Bearing  Center 
Fixture 

423D444P3 

Complete 

1 

-- 

Shaft  Magnetizing  Support 

423D444P4 

Complete 

2 

-- 

Shaft  Extensions 

423D444P8 

Complete 

1 

-- 

Gage  Shaft 

543C187P1 

Not  started 

1 

— 

Gage  Shaft  Support 

543C187P2 

Complete 

1 

-- 

Centering  Screw 

543C187P3 

Complete 

4 

-- 

Shaft  Storage  Boxes 

— 

Wooden 

3 

-- 

Bellows 

684B318 

Obsolete  turbo  cover 

1 

Fixture  for  Brazing 
Carbide  Balia  onto 
sterna 

543C49S 

543C193 

864B374 

CR-2425b 

Section  3 

KEFRIGERATOR  TRANSIENT  ANALYSIS 


For  transient  or  off-design  analysis  of  refrigerator  subsystem  perform- 
ance,  a  generic  transient  refrigerator  model  was  developed  and  implemented 
in  digital  form.  The  existing  model  is  restricted  to  a  representation  of  the 

refrigerator  cryosection,  assuming  a  compressor  with  constant  suction  and 
discnarge  pressures. 

A  C°f  ?!etely  modular  approach  has  been  used.  Separate  and  independ- 
devi™°dGlS  m  *hC  f°rm  °f  Subr°utines)  wcre  made  for  the  following  types  of 

•  Heat  exchanger 

•  Thermal  load 

•  Turboalternator 

•  Joule  •  Thomson  valve 

•  Liquid  accumulator 

Each  of  these  subroutines  is  of  general  form  and  will  be  utilized  as  many  times 
s  is  required  for  the  distribution  of  devices  in  the  refrigerator  configuration 
being  represented.  The  particular  structure  of  the  configuration  is  then  de 
fined  by  a  specific  interconnection  subroutine  that  equates  the  input  to  a  given 
device  to  the  output  of  some  other  device.  g 

The  heat  exchanger  model  contains  the  general  equations  for  terminal 
temperatures  of  an  ideal  counterflow  device  under  balanced  or  unbalanced 

^h^ff0^1410^3^  maSS  fl°W  f°r  eaCh  Side  is  COnti™ously  variable,  and 
he  effects  of  changing  flow  magnitudes  and  the  degree  of  balance  or  unbal¬ 
ance  are  continuously  computed.  The  effects  of  changes  in  specific  heat  with 
emperature  for  the  working  fluid  are  also  continuously  determined. 

The  transient  behavior  of  each  heat  exchanger  is  approximated  by  treat - 
ing  the  core  temperature  as  a  variable  that  responds  to  changing  fluid  tem¬ 
perature  and  flow  conditions  in  a  first-order  exponential  manner.  Two  such 
core  temperatures  (one  for  each  terminal  end  of  the  heat  exchanger)  are  con- 
muously  computed,  and  their  associated  time  constants  are  separately  and 
continuously  adjusted  for  changing  specific  heat  as  the  temperatures  vary 

rhe  'hermal  load  model  is  conceptually  similar  to  that  for  the  heat  ex- 
c  anger  except  there  is  only  one  flow  passage  and  one  single  lumped  thermal 

SrSsSelWel  LTer  h  't  T?**  ^  ^  l0ad  conUins“s 

ss: hand,c  «« coo,:;.0 
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The  turboalternator  model  approximates  the  mechanical  performance  of 
the  turbine  and  alternator  by  linear  torque -speed  functions  and  their  combined 
shaft  moment  of  inertia.  The  turbine  flow  and  torque -speed  characteristics 
are  continuously  computed  as  ideal  functions  of  the  inlet  temperature.  The 
alternator  shaft  power  and  the  turbine  outlet  temperature  are  continuously 
computed  from  the  energy  balance  relationships. 

The  Joule -Thomson  valve  is  modeled  as  an  ideal  device  in  which  the  flow 
is  determined  as  a  function  of  its  input  temperature  and  the  output  temperature 
is  determined  from  the  assumption  of  constant  enthalpy  over  the  specified 
pressure  drop.  Provision  is  made  for  adjustment  of  the  valve  flow  during 
cooldown,  according  to  some  arbitrarily  chosen  control  function.  The  liquid/ 
vapor  proportions  are  continuously  computed  from  an  energy  balance  calcu¬ 
lation.  In  the  associated  liquid  accumulator,  it  is  assumed  that  the  liquid 
fraction  entering  is  accumulated,  and  its  total  is  continually  integrated.  An 
option  can  be  made  to  simulate  the  draining  off  of  accumulated  liquid  at  a 
specified  rate.  The  temperature  of  the  vapor  leaving  the  accumulator  is  a 
function  of  the  temperature  of  the  vapor  entering  and  the  presence  or  absence 
of  the  accumulated  liquid. 


The  transient  computation  for  a  given  refrigerator  configuration  is  raa'’ 
on  a  stepwise,  completely  modular  basis.  At  any  given  time  the  state  of  al* 
variables  is  known  and,  in  particular,  the  inputs  to  every  subsystem  device 
are  available.  The  response  of  each  individual  device  to  its  inputs  over  a 
specified  time  step  is  then  computed  on  a  first-order  basis.  The  resulting 
3et  of  individual  outputs  is  then  applied  to  the  interconnection  subroutine  to 
establish  the  updated  set  of  input  data  for  the  next  time  step.  As  in  any  first - 
order  integration  process,  the  instantaneous  accuracy  and  stability  of  the 
numerical  procedure  will  be  directly  related  to  the  arbitrarily  selected  mag¬ 
nitude  of  the  time  step.  Provided  that  the  step  size  is  consistent  with  numer¬ 
ical  stability,  the  procedure  will  provide  an  ultimate  steady-state  solution 
without  a  cumulative  error. 

The  re  igerator  model  was  run  as  a  test  case,  simulating  the  cooldown 
from  ambient  temperature  for  a  practical  configuration  containing  five  heat 
exchangers,  three  thermal  loads,  two  turboalternators,  and  a  Joule-Thomson 
valve  and  accumulator.  The  configuration  and  modular  model  structure  are 
shown  in  Figure  69. 

The  run  was  made  on  a  full  transfer.:  basis  to  the  point  of  liquid  accumu¬ 
lation.  At  that  point,  the  time  constants  for  some  of  the  larger  thermal  masses 
were  arbitrarily  shortened,  and  the  model  was  allowed  to  rapidly  approach 
the  design  steady  state. 

TRANSIENT  COOLDOWN  RESULTS 

A  generic,  modular  model  for  transient  or  off-design  simulation  of  jry 
ogenic  refrigerator  system  operation  was  developed  and  implemented  in  digital 
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Exchanger  5 


Thermal 
Load  3 


Heat 

Exchanger  4 


Turboalternator  2 


Power 

Output 


Heat 

Exchanger  3 


Thermal 


Heat 

Exchanger  2 


Heat 

Exchanger  1 


Joule-Thomson  Valve 


Thermal 
Load  I 


Figure  69.  Model  for  Transient  Analysis 


T 

--  » 

Load  2  i 

"1 

Turboalternutor  1 

- 

computation  form  To  test  the  model  and  ultimately  use  it  for  estimation  of 
the  cooldown  performance  of  an  actual  system  design,  a  variety  of  synthetic 
cases  were  run,  followed  by  a  test  for  a  realistic  configuration 

tion  “rr  ma™al  monitorine  and  occasional  adjustment  in  computa- 
e  6  6  pr°gram  successfully  simulated  the  complete  tran- 

sient  cooldown  for  a  design  cryosection  from  an  ambient  temperature  start 

sho™  inPi^rees  “^cation.  general  configuration  was  that 

STARTING  AND  CONTROLLED  CONDITIONS 

of  32™KCwithT  tV  St“rted  Wilh  aU  de'"ces  at  an  ambie“  temperature 
initial  ,  '  .  turbines  at  rest,  and  with  the  helium  flow  present.  The 

at  1 11  ‘ra"Stent  occurence  is  the  acceleration  of  the  turboalternators  to  oper- 
“  lhe  ,lrSt  feW  seconds-  Their  aPeed  and  power  curves  are  shown 
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;mperature  (°K) 


Compressor/intercooler  heating  is  simulated  by  an  exponential  rise  in 
the  temperature  of  the  fluid  supplied  to  the  cryosection  (input  to  the  top  heat 
exchanger).  This  temperature  trace  is  shown  in  Figure  71. 


The  large  load  (616  pounds  of  copper)  at  the  cold  end  was  considered  to 
be  a  dominant  factor  in  the  cooldown  performance.  Under  normal  (uncon¬ 
trolled)  conditions,  the  flow  and  consequent  cooling  at  this  point  would  be  very 
small  for  mu^h  of  the  cooldown  cycle.  As  an  experiment,  it  was  assumed  that 
a  controlled  bypass  was  present  at  the  Joule-Thomson  valve,  and  the  corre¬ 
sponding  initial  flow  was  set  at  7.1  grams  per  second  (twice  the  design  flow 
rate)  to  facilitate  the  bottom  loop  cooling.  This  rate  was  maintained  until  it 
became  apparent  that  it  was  no  longer  effective,  and  at  that  point  (46.7  hours) 
the  rate  was  reduced  to  3.55  grams  per  second  (design  flow  rate).  Finally, 
near  the  point  of  liquet icat ion,  the  flow  rate  was  permitted  to  assume  its  nor¬ 
mal  (uncontrolled)  level.  The  flow  rate  schedule  is  shown  in  Figure  72. 


Figure  72.  Controlled  Joule-Thomson  Valve  and  Bypass  Flow  Rate 


TRANSIENT  RUN 

Under  the  initial  and  controlled  conditions  described  above,  the  model 
was  allowed  to  run  to  the  point  of  liquefication  (87.5  hours).  At  that  point, 
cooldown  of  the  .arge  warm-end  devices  was  incomplete;  however,  with  the 
small  step  sizes  necessary,  much  computation  time  would  have  been  required 
simply  to  run  these  out  with  no  real  addition  to  the  transient  picture.  The 
run  was  therefore  stopped  at  that  point,  and  time  constants  were  artifically 
altered  to  permit  a  runout  to  near  steady-state,  with  a  small  amount  of  addi¬ 
tional  computation. 
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rature  traces  for  the  five  heat  exchangers  is  she 
ise  the  outlet  temperature  on  the  high-pressure  s 
ows  an  expanded  plot  of  the  response  of  the  three 
to  flow  switching  in  the  Joule -Thomson  loop. 


The  response  of  the  three  thermal  loads  is  shown  in  Figure  75.  The 
variables  plotted  are  the  temperatures  of  the  load  masses  and  the  heat  flow 
absorbed  from  an  ambient  temperature  source.  Figure  76  shows  an  expanded 
plot  of  the  load  temperature  response  to  the  flow  switching  effects. 


Figure  75.  Thermal  Load  Performance 


Figui  e  76.  Thermal  Load  Response  to  Flow  Switching 


Turboalternator  performance  during  cooldown  is  plotted  in  Figure  77, 
where  speed  and  load  power  for  the  two  turboalternators  are  shown.  A  test 
of  the  model  integrity  is  the  low -temperature  performance  of  the  bottom  heat 
exchanger  shown  in  Figure  78.  The  characteristic  switchover  of  the  terminal 
temperatures  in  the  vicinity  of  20°  K  is  dependent  upon  the  proper  incorporation 
of  real  gas  properties. 


Figure  77.  Turboalternator  Performance 


Figure  78.  Heat  Exchanger  1  Low-Te mperature  Performance 
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Following  the  point  of  liquefication,  time  constants  were  arbitrarily  ad¬ 
justed  to  permit  more  rapid  computation.  Slewing  in  this  manner  constitutes 
an  example  of  the  way  the  model  might  be  used  to  seek  a  new  balance,  given 
any  initial  starting  point  (e.g.,  an  off-design  condition).  In  this  case,  the 
stable  balance  point  is  the  system  design  point,  and  the  results  test  the  integrity 
of  the  model  mechanization  and  parameters.  The  computation  was  allowed  to 
proceed  until  it  was  apparent  that  all  variables  were  closely  approaching  their 
proper  values  and  was  arbitrarily  halted  when  the  remaining  errors  were  on 
the  order  of  1  percent.  The  comparison  between  the  known  design  point  and 
the  last  recorded  model  variable  set  is  given  in  Table  10. 
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Table  10 


END-OF-RUN  TRANSIENT  DATA 


1 


Device 


Heat  Exchanger  5 


Heat  Exchanger  A 


Ileal  Exchanger  3 


Heat  h  \Chang?r  2 


Heat  Exchanger  I 


Thermal  Load  3 


Thermal  Load  2 


Thermal  Load  1 


Turboalternator  2 


Turboalternator  I 


Joule-Thomaon/l  iquefler 
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DISCUSSION  AND  CONCLUSIONS 

A  generic  mathematical  model  for  transient/off-design  simulation  of  a 
refrigeration  system  cryosection  was  developed  and  successfully  tested  for 
a  realistic  design  case.  The  model  is  completely  modular  in  structure  and 
is  therefore  applicable  to  a  wide  variety  of  system  configurations.  It  contains 
considerable  sophistication  in  its  representation  of  component  devices  and  re¬ 
produces  the  results  of  more  complex  design  programs  with  good  accuracy. 
Using  proper  step  sizes,  the  computation  of  a  complete  cooldown  transient 
was  accomplished  in  a  stable  and  realistic  manner.  Various  physical  phenom¬ 
ena  known  to  be  characteristic  of  the  devices  involved  were  exhibited  by  the 
model  performance.  J 

On  the  other  hand,  the  model  must  be  recognized  as  a  developmental  ver¬ 
sion  in  which  a  number  of  modifications  or  improvements  are  needed  to  pro¬ 
duce  an  efficient  analytical  tool.  Such  improvements  include  ncorporation  of 
automatic  control  of  the  computation  step  size,  general  inco  poration  of  more 
efficient  computation  procedures,  addition  of  other  devices  and  effects,  and 
review  of  the  theoretical  representation  of  thermal  time  constants.  The  com¬ 
pletely  modular  nature  of  the  model  structure  should  greatly  aid  in  any  such 

future  development,  because  modifications  can  be  made  in  a  building  block 
manner. 


The  test  run  results  show  reasonable  behavior  of  the  design  system  and 
its  individual  devices  over  a  complete  cooldown  cycle.  The  total  time  of  87  5 
hours  from  ambient  start  to  liquefication  of  the  helium  is  not  an  unreasonable 
result,  considering  the  massive  thermal  load  to  be  cooled.  However,  it  must 
e  recognized  that  this  is  an  isolated  test  case  for  the  transient  calculation, 
ntil  parallel  model  and  physical  tests  are  compared,  it  will  not  be  known  to 
what  degree  the  transient  modeling  is  accurate.  Also,  in  this  particular  case, 
ow  switching  control  was  introduced  on  an  intuitive  basis;  without  a  set  of 
comparative  runs,  it  cannot  be  said  whether  this  shortened  or  prolonged  the 
total  cooldown  cycle. 

In  general,  it  can  be  said  that  the  modeling  effort  is  successful  and  opens 
up  the  potential  for  new  and  better  understanding  of  the  behavior  of  systems 
of  this  kind.  This  is  certainly  true  of  its  use  for  comparative  evaluation  of 
a  ernative  configurations  and  off-design  conditions.  The  absolute  transient 
results  are  indicative,  but  their  accuracy  remains  to  be  verified  by  physical 
test  correlation.  J  H  y 


MODELING  EXPERIENCE 

with  fh  C°m™n  Witrh  many  digital  transient  calculations,  this  model  must  deal 
,lh  the  problem  of  widely  differing  time  constants.  In  the  present  example 
a  time  constant  ratio  on  the  order  of  100  to  1  exists  between  major  devices  ' 
at  ambient  temperature,  and  this  ratio  is  increased  to  nearly  1000  to  1  at  cry- 
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ogenic  operating  temperatures.  In  the  rather  complex,  interconnected  loop 
arrangement  present  the  effective  dynamies  depend  upon  not  only  these  values, 
but  also  various  loop  gains  that  vary  with  the  temperature. 


In  the  simple  computational  form  used,  the  same  time  increment  is  used 
throughout  the  system,  and  this  increment  is  adjusted  arbitrarily  as  condi¬ 
tions  vary.  For  example,  near  the  liquefication  point,  it  is  necessary  to  use 
very  short  time  steps  for  cold  loop  stability,  and  these  same  short  time  steps 
(0. 1  second)  are  used  at  the  warm  end  with  very  long  time  constants  (on  the 
order  of  1000  seconds). 

A  further  development  of  the  model  program  should  provide  for  different 
computation  rates  at  fast  and  slow  portions  of  the  system  and  should  consider 
means  for  automatically  adjusting  these  rates  as  the  run  proceeds.  General 
purpose  analysis  programs  incorporating  such  features  exist  (e.g.  General 
Electric  computer  program  ADA),  and  the  relative  merits  of  using  these 
versus  augmenting  the  special  purpose  model  with  similar  features  should  be 
investigated. 

The  modeling  representation  of  the  device  structure  is  believed  to  be  at 
a  level  adequate  for  the  present  purpose.  The  device  left  in  the  most  ele¬ 
mentary  form  is  the  turboalternator.  However,  it  is  easily  made  more  de¬ 
tailed,  if  required,  and  can  be  made  to  >ield  electrical  losses  or  respond 
to  changes  in  the  resistance  load  or  input  pressure  with  a  high  degree  of  fi¬ 
delity.  The  modular  form  used  facilitates  replacement  of  any  given  device 
model,  if  desired. 

From  a  transient  viewpoint,  future  investigation  should  review  the  theo¬ 
retical  transient  behavior  of  heat  exchangers,  possibly  arriving  at  a  different 
approach  to  the  heat  exchanger  representation,  to  more  accurately  model  the 
true  transient  behavior. 

As  it  stands,  the  model  is  limited  to  a  constant  pressure  configuration; 
consequently,  no  compressor  model  is  required.  The  addition  of  the  com¬ 
pressor  and  pressure  variation  effects  on  the  other  devices  is  an  area  for 
future  development. 

Once  a  system  is  represented  in  mathematical  form,  it  is  possible  to 
compute  many  functions  in  addition  to  the  primary  variables.  For  example, 
in  an  early  experiment  the  energy  and  the  rate  of  energy  flow  from  each  in¬ 
dividual  system  device  were  continuously  computed  during  a  cooldown  tran¬ 
sient.  Observations  of  this  type  and/or  many  types  of  transient  switching 
effects  are  readily  generated  with  this  type  of  model. 

TEST  CASE  EXPERIENCE 

The  experimental  transient  cooldown  cases  that  were  run  led  to  some  in¬ 
sight  into  the  essential  behavior  of  this  type  of  system.  In  elementary  terms, 
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one  can  observe  the  bootstrapping  effect  by  which  the  turboalternators  grad¬ 
ually  pull  down  the  temperature  of  the  relatively  massive  heat  exchangers, 
until  finally  the  coldest  exchanger  reaches  the  region  i*-  which  real  gas  prop¬ 
erties  provide  Joule -Thomson  cooling  to  flip  it  over  and  past  the  turbine  in  a 
slingshot  manner . 

It  was  found  that  slight  changes  in  the  flow  rate  have  a  pronounced  effect 
on  the  dynamics  of  the  Joule -Thomson  loop  of  the  system  (presumably  loop 
gain).  The  flow  rate  programming  used  in  the  case  described  above  under 
'Transient  Cooldown  Results"  was  an  attempt  to  use  this  effect  to  enhance 
the  cooling  of  the  large,  coldest  load.  By  experiment,  it  was  found  that  the 
initial  value  chosen  (twice  the  normal  flow)  resulted  in  the  highest  initial  rate 
of  cooling  for  the  No.  1  load.  The  fact  that  this  was  not  optimum  everywhere 
is  indicated  by  the  fact  that  in  approximately  4  6  hours  the  system  was  tending 
to  level  off  at  too  high  a  temperature  for  liquefication.  At  that  point  the  flow 
rate  was  reduced  to  normal  (design)  flow,  and  a  rapid  dip  in  the  Joule-Thomson 
loop  temperature  resulted.  This  experience  suggests  that  there  is  a  need  for 
investigation  of  the  optimum  flow  control  over  the  entire  cooldown  transient. 
Whether  the  flow  control  is  beneficial  in  the  cooldown  of  the  entire  system  is 
not  clear;  however,  it  certainly  appears  possible  to  alter  the  performance  at 
a  given  load  point  relative  to  other  load  points. 

Whether  the  total  time  to  liquefication  (87.5  hours)  is  a  good  measure  of 
the  corresponding  cooldown  for  the  physical  system  is  not  known  and  will  not 
be  known  until  some  correlation  with  physical  data  is  made.  However,  as¬ 
suming  the  functions  to  be  of  realistic  form,  regardless  of  the  absolute  mag¬ 
nitudes,  the  load  curves  of  Figure  75  show  a  very  slow  (flat)  cooling  period 
from  the  flow  switching  point  at  about  47  hours  and  onward.  This  situation 
suggests  at  least  the  possibility  that  a  more  optimum  flow  schedule  might 
have  reduced  the  temperature  at  47  hours  by  a  few  degrees,  displacing  the 
curves  accordingly  and  reducing  the  time  to  liquefication  by  many  hours. 

MODEL  DESCRIPTION 


The  cryogenic  refrigeration  system  model,  as  it  presently  exists,  as¬ 
sumes  the  presence  of  an  external  source  and  a  sink  for  working  fluid  at  a 
constant  pressure  and  pressure  difference.  The  system  model  contains  four 
component  device  models: 

•  Heat  exchanger 

•  Thermal  load 

•  Turboalternator 

•  Joule-Thomson  value/liquefier 

The  system  model  also  contains  three  auxiliary  functions: 

•  Interconnections 
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•  Temperature -enthalpy  relations 

•  Miscellaneous  time  functions 

The  System  Model  structure  is  completely  modular,  and  there  can  be  as 
many  heat  exchangers,  thermal  loads,  or  turboalternators  as  are  desired, 
with  or  without  a  Joule- Thom  son/liquefier  stage,  arranged  in  any  physically 
consistent  combination. 

The  heat  exchanger  model  will  accomodate  balanced  or  unbalanced  flow 
conditions,  automatically  determining  the  condition  existing  for  each  system 
heat  exchanger,  indiWdually  and  at  any  point  in  time. 

The  thermal  load  model  will  accomodate  three  types  of  heat  loads: 

•  Constant  Q.  The  rate  at  which  energy  is  received  from  some  external 
source  is  a  constant  specified  value. 

•  Heat  Leak.  The  temperature  of  some  external  source  is  held  at  a 
specified  value,  and  the  flow  of  heat  is  proportional  to  the  difference 
between  the  temperature  of  that  external  source  and  the  temperature 
of  the  thermal  load  mass. 

•  Radiation.  The  temperature  of  some  external  source  is  held  at  a 
specified  value,  and  the  flow  of  energy  is  proportional  to  the  differ¬ 
ence  in  the  fourth  powers  of  the  source  and  the  load  temperatures. 

For  each  individual  load  in  the  system,  it  is  necessary  to  specify  which 
of  the  three  types  of  heat  loads  is  represented.  The  system  may  contain  any 
mixture  of  types. 

Real  gas  temperature -enthalpy  relations  are  used  in  both  the  heat-exchanger 
model  and  the  thermal  load  model,  as  well  as  in  the  Joule-Thomson  valve/ 
liquefier  calculations,  thereby  effectively  accounting  for  the  changes  in  the 
specific  heat  of  the  working  fluid  during  transient  temperature  changes. 

The  Joule -Thomson/liquefier  model  will  simulate  the  accumulation  and/ 
or  boiling  off  of  liquid  and  has  a  prevision  for  the  simulation  of  draining  of 
accumulated  liquid  for  external  purposes. 

The  turboalternator  model  simulates  the  conversion  of  thermal  power  to 
mechanical  (shaft)  power  and  includes  the  effect  of  energy  storage  by  virtue 
of  the  moment  of  inertia  of  the  rotating  assembly. 

The  basic  inpu*  -output  functions  for  the  four  component  devices  are  shown 
in  Figure  79.  For  each  system  heat  exchanger,  inputs  of  temperature  and 
mass  flow  at  both  high-  and  low-pressure  sides  result  in  determination  of  the 
corresponding  output  temperatures  for  the  high-  and  low-pressure  sides. 
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Joule- Thomson  Valve/ 1  iquefier 


Turboalternator 


CR-4426 


Figure  79.  Component  Devices 


For  each  thermal  load,  an  input  temperature  and  the  mass  flow,  plus 
specified  load  source  parameters,  will  result  in  determination  of  an  output 
temperature  plus  information  regarding  the  source  temperature  or  the  heat 
flow  (depending  upon  the  load  type). 

For  each  turboalternator,  an  input  (high-pressure  gas)  temperature  will 
result  in  determination  of  an  output  (low-pressure  gas)  temperature  and  mass 
flow,  plus  the  shaft  speed  and  power. 

For  the  Joule-Thomson  valve/liquefier,  an  input  (high-pressure  gas)  tem¬ 
perature  will  result  in  output  (low-pressure  gas)  temperature  and  mass  flow, 
plus  information  regarding  the  rate  of  liquefication  and  liquid  accumulation. 

For  every  different  system  configuration  (with  respect  to  the  numbers 
and  arrangement  of  component  devices),  it  is  necessary  to  specify  a  corres¬ 
ponding  set  of  interconnections.  As  suggested  in  Figure  ?9,  these  intercon¬ 
nection  specifications  will  be  temperatures  and  mass  flow  values  to  be  equated 
as  the  output  for  one  device  becomes  the  input  to  a  second  device  to  which  it 
is  attached.  In  most  cases  these  are  direct  relationships.  The  exception  is 
the  determination  of  the  temperature  when  two  values  of  flow  are  mixed.  In 
that  case,  the  resulting  temperature  is  assumed  to  be  the  weighted  mean  of 
the  temperatures  in  the  two  lines,  where  the  weighting  factors  are  the  rela¬ 
tive  mass  flow  values. 


The  temperature  interconnection  specifications  are  the  temperatures  at 
all  nodes,  and  the  mass  flow  interconnection  specifications  are  sums  of  the 
mass  flows  in  the  shunt  devices  (turboalternators  and  the  Joule-Thomson/ 
liquefier).  As  an  example,  a  simple  assembly  of  component  devices  is  shown 
in  Figure  80,  and  the  corresponding  interconnection  specifications  are  given 
in  Table  11 . 


The  component  device  models  and,  consequently,  the  complete  system 
model  are  mechanized  on  a  time  varying  (transient)  basis.  Each  heat  ex¬ 
changer  model  and  each  thermal  load  model  contain  the  simulation  of  a  thermal 
mass,  represented  by  a  first-order  exponential  response  to  the  input  temper¬ 
ature  functions.  The  basic  computational  form  used  in  these  models  is  illus¬ 
trated  as  shown  in  Figure  81. 


The  output  temperature  of  the  device  (Tou|.)  is  some  function  of  its  inputs 
(e.g. ,  input  temperature  T  and  mass  flow  M)  and  time  (t).  It  is  assumed 
that  this  relationship  can  be  expressed: 


T  =  F  (T  . 
out  in 


M)+Ge 


■Ht 


(1) 


where  the  function,  F,  is  the  final  (steady-state)  solution  for  the  output,  T 

-Ht  out 

Given  the  present  set  of  inputs,  T.^  and  M,  Ge  is  the  present  instantaneous 
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Table  11 

INTERCONNECTION  SPECIFICATIONS 


Temperature/  Flow 


Temperature 


Mass  flow 


Specifications 


T(l,  2)  = 

T(2,  3) 

T  (11,  2)  : 

=  T(2,  3) 

T  (1,  1)  = 

T(2,  2) 

T  (11,  1)  = 

=  T(2,  1) 

T(7,  1)  = 

T(12,  1) 

T(3,  1)  = 

T(8,  1) 

Tf?  9\  = 

M(2,  1)  x  T(4, 

1)  +  M(4, 

2) 

x  T(12,  2) 

1  \o$  £) 

M(2, 

1)  +  M(4, 

2) 

T  (3,  3)  = 

T(4,  2) 

M  (1,  1)  = 

M(4,  1) 

M(2,  1)  = 

M(4,  1) 

M(3,  1)  = 

M(4,  1) 

M(l,  2)  = 

M(4,  1) 

M(2,  2)  = 

M(4,  1)  +  M(4; 

,2) 

M(l,  3)  = 

M(4,  1)  +  M(4, 

.2) 

M(2,  3)  = 

M(4,  1)  +  M(4j 

,2) 

CR-4428 

Tout 


Figure  81.  Computational  Form 

error  by  which  the  output  departs  from  the  solution  dictated  by  the  present 
inputs,  and  H  is  the  decrement  (reciprocal  of  the  time  constant)  for  the  device, 

Differentiating  Equation  1  with  respect  to  time  and  substituting: 


then,  in  incremental  form: 


AT  =  H  (F  -  T  W 
out  v  out  / 

and  finally,  for  numerical  calculation  purposes: 

(T  A  i  =(T  A  +  h(f  -  T  A  At 

For  the  heat  exchanger  model,  decrement  H  has  the  form: 

tt  _  2  h  A 

H  "  M  C 
c  c 


where: 

h  =  Surface  heat  transfer  coefficient 

A  =  Surface  area 

M  =  Core  mass 
c 

Cc  =  Core  specific  heat 


(3) 

(4) 


Because  the  specific  heat  of  the  core  material,  Cc,  changes  with  the  tem¬ 
perature,  the  core  temperatures  at  both  ends  of  each  heat  exchanger  are  con¬ 
tinuously  calculated  and  are  used  to  adjust  separate  values  for  H  at  the  warm 
and  cold  ends  of  each  device. 

For  the  thermal  load  model,  the  form  of  the  decrement  will  vary  among 
the  three  types;  however,  the  core  temperature  is  continuously  calculated  in 
all  cases  and  is  used  for  temperature  adjustment. 

In  the  case  of  the  turboalternator  model,  the  procedure  is  to  calculate 
the  turbine  and  alternator  load  torques  separately  and  to  use  any  torque  dif¬ 
ference  to  accelerate  or  decelerate  the  total  shaft  moment  of  inertia.  In 
incremental  form: 

=lfL  _L  \ 

At  J  lLT  La) 

wi+1  =  wi  +  r(LT-LA)i4t  <5> 

where: 

W  =  Shaft  speed 

J  =  Shaft  moment  of  inertia 
=  Turbine  torque 

=  Alternator  torque 
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Initial  values  must  be  specified  for  all  incremented  functions.  These 
values  will  be  two  output  and  two  core  temperatures  for  each  heat  exchanger, 
one  output  and  one  core  temperature  for  each  thermal  load,  shaft  speed  for 
each  turboalternator,  and  any  liquid  accumulation  in  the  liquefier.  is  de¬ 
sirable,  though  not  necessary,  that  the  other  variables  in  the  system  be  given 
initial  values  for  a  printout  record  of  the  complete  initial  state. 

Given  such  a  set  of  initial  conditions,  the  system  program  will  first  run 
through  all  interconnections  to  provide  inputs  to  all  devices  consistent  with 
the  initial  conditions.  For  that  set  of  inputs,  it  will  individually  compute  a 
set  of  outputs  for  every  device  in  the  system,  for  one  increment  in  time. 

When  this  is  complete,  it  will  again  go  through  all  interconnections  to  update 
the  set  of  inputs  to  match  the  output  results  just  obtained.  The  procedure  is 
then  repeated  for  the  second  time  step,  and  so  forth. 

A  reset  counter  is  used  to  command  a  selected  printout  at  a  specified 
number  of  time  steps.  A  continuous  counter  is  used  to  accumulate  the  total 
elapsed  transient  time.  Any  desired  switching  logic  can  be  inserted  to  change 
any  device  parameter  at  a  specified  time  or  at  a  specified  value  of  any  system 
variable. 

The  calculation  will  continue  indefinitely,  unless  logic  for  some  specified 
stopping  criteria  is  inserted.  It  will  therefore  carry  out  the  transient  calcu¬ 
lation  until  the  steady-state  condition  is  reached.  By  the  form  of  the  incre¬ 
mental  calculation,  this  will  be  the  true  steady-state  value  without  cumulative 
error  because,  by  Equation  3,  transient  adjustment  of  any  given  system  vari¬ 
able  will  cease  only  when  the  variable  exactly  equals  the  number  calculated 
to  be  its  steady-state  value  relative  to  its  surrounding  inputs. 

The  basic  model  layout  and  sequence  of  operations  is  shown  in  flowchart 
form  in  Figure  82. 

HEAT  EXCHANGER  MODEL 


Each  heat  exchanger  in  the  system  is  treated  as  a  four-terminal  device, 
with  two  inputs  and  two  outputs,  having  a  capacity  for  internal  energy  storage. 
The  energy  storage  characteristics  are  represented  by  a  pair  of  first-order 
time  const  mts,  one  for  the  warm  end  and  one  for  the  cold  end  of  the  device, 
and  these  constants  are  made  functions  of  their  corresponding  local  core  tem¬ 
peratures. 


The  model  variables  consist  of  four  terminal  fluid  temperatures,  two 
core  temperatures,  two  decrements  (time  constant  reciprocals),  and  two 
mass  flows: 

•  Tx  =  Warm  side  incoming  fluid  temperature 

•  F3  =  Warm  side  outgoing  fluid  temperature 
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•  T3  =  Cold  side  incoming  fluid  temperature 

•  T4  =  Cold  side  outgoing  fluid  temperature 

•  TB  =  Warm  end  core  temperature 

•  Te  =  C  old  end  core  temperature 

•  H5  =  Warm  end  decrement 

•  He  =  Cold  end  decrement 

•  =  Warm  side  mass  flow 

•  Mg  =  Cold  side  mass  flow 

Schematically,  the  device  is  represented  as  shown  in  Figure  83. 


M, 


CR-4430 


Figure  83.  Schematic  Diagram  of  Heat  Exchanger  Model 


The  parameters  that  characterize  a  particular  heat  exchanger  are  con¬ 
tained  in  two  specified  constants,  and  Ks.  is  defined  as: 


where: 


K,  =  M 


mm 


X  N 


tu 


hA 

2C 


M  .  =  Lesser  of  rated  M,  and  M„ 

min  1  B 

N  =  Number  of  transfer  units 
tu 

=  Core -fluid  heat  transfer  coefficient 
=  Surface  area 
=  Fluid  Cp 


h 

A 

C 
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Kg  is  defined  as: 


K3  =  Decrement  at  ambient  temperature 

2  h  A 

M  C 

c  c 

where: 

M  =  Core  mass 
c 

Cc  =  Core  thermal  conductivity 

In  general,  the  heat  exchanger  will  be  in  some  initial  thermal  state,  and 
certain  inputs  (Tx,  Ta,  and  Ma)  will  be  applied.  The  first  step  will  then 
be  calculation  of  the  steady-state  (final)  output  and  core  temperatures  (Fa, 
^4'  KB,  an<^  Kg ),  which  would  ultimately  result  from  these  inputs: 

F2>  Fb,  Fe  =  f  (Tx,  M1#  T3,  Mg,  1^)  (6) 

The  second  step  will  be  calculation  of  the  decrements  for  the  present 
core  temperatures  prevailing: 


H5  =  Ka  xf  (Tb) 

Hs  =  Kg  xf  (Tg)  (7) 

The  final  s.ep  will  be  calculation  of  the  new  state  temperatures  at  the 
end  of  a  time  increment,  Ul,  using  first-order  integration: 

Ti+  i  =  Vm*V(VTi)  »> 

The  form  of  the  equations  for  the  F-functions  of  Equation  6  will  vary, 
depending  upon  the  state  of  the  mass  flow  balance  or  unbalance.  Also,  when 
a  heat  exchanger  is  used  at  near  liquid  temperatures,  its  performance  is 
significantly  influenced  by  variations  in  the  fluid  specific  heat. 

The  model  logic  is  arranged  in  such  a  way  that  no  individual  heat  exchanger 
is  committed  to  a  balanced  or  unbalanced  flow  condition,  even  though  that 
may  be  its  steady-state  design.  Under  transient  conditions,  the  actual  flow 
conditions  will  be  determined  at  each  time  step,  and  it  is  possible  for  a  given 
heat  exchanger  to  change  from  a  balanced  to  an  unbalanced  flow  or  vice-versa, 
from  one  time  step  to  the  next. 

Equations  For  Balanced  Flow,  Mx  =  M3 

For  temperature  inputs  Tx  and  T3,  mass  flow  inputs  Mx  =  Ma,  and  heat 
exchanger  parameter  Kx: 
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(9) 


(10) 


(11) 


Equations  For  Unbalanced  Flow,  >  Mg 


For  temperature  inputs  Tx  and  T3,  mass  flow  inputs  Mx  and  M3,  and  heat 
exchanger  parameter!  Kx: 


(16) 


Equations  For  Unbalanced  Flow,  Mg  >M: 

For  temperature  inputs  Tj  and  T3,  mass  flows  inputs  and  M2,  and  heat 
exchanger  parameter  Kx: 


In  the  differential  equations  for  an  ideal  counterflow  device,  mass  flow 
and  fluid  specific  heat  enter  as  a  product.  This  suggests  that  effects  of  varying 


127 


specific  heat  can  be  represented  without  theoretical  error  by  making  propor¬ 
tional  adjustments  in  the  mass  flow  variable  while  assuming  a  constant  Cp. 


At  any  given  time,  values  for  the  four  terminal  Heat  Exchanger  1  tern 
peratures  (Tx,  Ta,  T3,  and  T4)  are  known.  Using  the  proper  functions  for 
their  respective  pressures,  corresponding  enthalpy  values  Ex,  Ea,  E3,  and 
E4  are  obtained.  By  taking  the  ratios  of  the  enthalpy  differences  to  the  tem¬ 
perature  differences,  average  values  for  specific  heats  are  calculated  for  the 
high-  and  low-pressure  sides.  The  ratios  of  these  values  to  the  nominal  value 
for  specific  heat  (5.2)  are  then  used  to  adjust  the  actual  mass  flow  values, 

Mx  and  Ma,  to  obtain  the  synthetic  values,  Nx  and  Na  : 


N, 


1  E,  -  E, 
5.2  xTa  -  Tx 


X  Mj 


(21) 


N 


3 


1 

5.2 


(22) 


These  synthetic  values  for  mass  flow  are  then  used  to  calculate  F2,  F4,  F6, 
and  F8,  using  the  relations  described  for  Equations  9  through  20. 

Because  the  possibility  of  small  or  zero  differences  in  enthalpy  or  tem¬ 
perature  exists  during  transient  operation,  the  model  logic  is  designed  to  de¬ 
tect  such  cases  and  to  bypass  the  calculation  for  that  particular  time  step, 
thereby  using  the  previously  calculated  values  until  numerical  accuracy  is 
restored. 

It  is  also  possible  that  during  transient  operation,  the  process  of  lique- 
fication  and/or  fluid  drainage  might  reduce  the  return  flow’  in  Heat  Exchanger 
1  to  zero.  If  this  should  occur,  the  model  logic  will  set  F2,  F4,  FB,  and  FB 
equal  to  the  input  fluid  temperature,  Tx. 


Decrements  and  Numerical  Integration 


The  procedure  to  this  point  has  been  to  produce  a  set  of  predicted  final 
values  (Fa.  F4,  F6,  and  Fe)  for  the  output  and  core  temperatures  corresponding 
to  the  present  input  temperature  and  mass  flow  conditions.  To  complete  the 
vector  set,  the  F-values  for  the  independent  input  temperatures  are  made  equal 
to  their  present  values  (it  is  assumed  that  these  values  are  held  constant  for 
the  current  time  step): 


F  =  T 
r  i  1 1 


F3  =  t3 


(23) 


For  the  same  reason,  the  decrements  for  the  two  independent  input  tempera¬ 
ture  variables  are  set  to  zero: 
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Ht  =  0 
H3  =  0 


(24) 


The  decrements  for  the  output  fluid  temperatures  are  assumed  to  be  the 
same  as  those  for  the  adjacent  core  temperatures.  Those,  in  turn,  are  as¬ 
sumed  to  have  a  specified  value,  Ka,  at  ambient  temperature  TO  and  to  vary 
inversely  with  the  present  core  temperatures,  TB  and  Te 


TO 

Ha  =  Ka^ 
ie 


TO 

h4  =  k3  — 
1  6 


(25) 


TO 

H6  =  Ka^ 
L  6 


TO 

He  =  Ka  — 
Ae 


Finally,  using  the  above  values  for  present  temperature  T,  predicted  final 
temperature  F,  and  decrement  H,  the  new  temperature,  T\  at  the  end  of  a 
time  step,  Ul,  is  computed  for  each  of  the  six  heat  exchanger  temperature 
variables  and  is  repeated  for  all  of  the  N1  heat  exchangers  present  in  the 
system: 


T!.  =  T..  +  H..  ( F..  -  T  ,)  Ul 
Ji  3i  3i  V  3i  3V 


Outline  of  Model  Logic 


j  =  1  to  6 
i  =  1  to  N1 


(26) 


The  basic  flowchart  arrangement  for  the  heat  exchanger  model  is  shown 
in  Figure  84. 


THERMAL  LOAD  MODEL 


Each  thermal  load  in  the  system  is  treated  as  a  three-terminal  device 
with  the  capacity  for  internal  energy  storage.  The  conceptual  arrangement 
is  shown  schematically  in  Figure  85. 

It  is  assumed  that  the  device  has  thermal  mass  at  a  uniform  temperature 
Tg,  and  that  thermal  energy  flows  to  that  mass  Et  rate  Q,  from  an  external 
source  at  temperature  T10. 

The  thermal  mass  is  in  turn  cooled  by  the  flow  of  fluid  that  enters  the 
device  at  temperature  T7,  leaves  at  temperature  Te,  and  has  rate  of  mass 
flow  M3. 


129 


Figure  84.  Flowchart  of  Heat  Exchanger  Model  (Logic  and  Calculation 
Sequence) 
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Figure  85.  Schematic  Diagram  of  Thermal  Load  Model 

The  difference  between  Q  and  the  rate  at  which  energy  is  transferred  to 
the  fluid  will  be  the  rate  at  which  the  energy  stored  in  the  thermal  load  mass 
is  changing,  and  this  will  be  determined  by  the  basic  time  constant  of  the  de¬ 
vice.  The  temperature,  Ts,  of  the  mass  (physical  structure)  of  the  thermal 
load  station  is  taken  to  be  the  thermal  load  temperature  seen  by  external  heat 
sources. 

The  six  variables  indicated  in  Figure  85  are: 

T7  =  Input  fluid  temperature 

Ta  =  Exit  fluid  temperatxire 

T,  =  Thermal  mass  (structure)  temperature 

T^  =  External  source  temperature 

M3  =  Fluid  mass  flow 

Q  =  Heat  flow  from  external  source 

To  specify  a  particular  thermal  load,  five  parameters  are  required: 

K3  =  Fluid  structure  heat  transfer  coefficient  (hjA) 

K4  =  Reciprocal  of  energy  storage  capacity  (l/M  C  ) 

s  s 

Kb  =  Fluid  specific  heat  (Cp) 

Ks  =  Structure  external  source  heat  transfer  coefficient 
K7  =  Index  indicating  load  type 

Three  load  types  are  included  in  the  model: 

•  Type  0  Constant  Q.  For  this  load  type,  Q  will  be  specified,  and 
the  source  temperature,  Tw  will  then  vary  as  a  function  of  Te.  An 
example  would  be  a  resistor,  dissipating  a  fixed  power,  attached  to 
the  thermal  load  station. 
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•  Type  1  --  Heat  Leak.  In  this  case,  Tj,,  will  be  specified  and  Q  will 

vary  as  a  function  of  T9.  In  both  this  case  and  the  preceding  Type  0 
case,  heat  flow  proportional  to  the  difference  between  T,A  and  T„  is 
assumed.  10  9 

•  Type  2  --  Radiation.  In  this  case.  Txo  will  be  specified  and  Q  will 
vary  as  a  function  of  T9.  However,  heat  flow  proportional  to  the  dif¬ 
ference  between  the  fourth  powers  of  T*  and  T9  is  assumed.  A 
Newton-Raphson  solution  for  the  resulting  nonlinear  relationship  is 
incorporated. 

The  model  is  arranged  in  such  a  way  that  all  of  the  logical  decisions  and 
pertinent  parameters  are  exercised  at  each  time  step.  It  is  therefore  posslule 
to  switch  from  one  load  type  to  another  or  to  modify  any  input  parameter  in 
any  way  desired  at  any  time  step. 

In  all  cases,  the  value  for  fluid  specific  heat  initially  specified  (Kg)  is 
automatically  adjusted  by  setting  it  equal  to  an  average  value  at  each  time  step: 

K.  =  Cp  =  ,27) 

where  Ee  and  E7  are  the  values  for  enthalpy  corresponding  to  temperatures 
Te  and  T7  for  the  appropria.e  fluid  pressure.  If  these  differences  are  too 
small  for  accuracy,  the  calculation  is  temporarily  bypassed,  and  the  preceding 
value  is  used. 

The  general  computation  procedure  will  be  firs.1  to  determine  the  predicted 
final  value,  FB>  for  the  temperature  of  the  thermal  mass  on  the  basis  of  in¬ 
coming  external  energy  rate  Q  or  source  temperature  T10,  plus  the  cooling 
effect  of  the  incoming  fluid  at  temperature  T7  and  mass  flow  Ms: 

F,  =  f  (Q  or  T10,  T7,  M3,  K3,  Kb,  K6)  (28) 

The  decrement  for  Te  is  then  computed  as  a  function  of  fluid  mass  flow 
Ms  and  is  corrected  for  core  material  temperature  T,  by  its  ratio  to  ambient 
temperature  TO: 


H,  =  Tfr  x f  (K3,  K, ,  K,,  Ke,  M3)  (29) 

The  temperature,  T#,  is  then  incremented  to  a  new  value,  Ti,  over  the 
time  step,  Ul,  as: 

T^  =  T,+  Ul  x  H9  (Fe  -  Tg)  (30) 

Using  the  updated  core  temperature,  T^,  and  the  in  oming  fluid  temper¬ 
ature,  T7,  the  exit  fluid  temperature,  T£,  is  determinec: 

T£  =  f(T7,  T^,  K3,  K,,  M3)  (31) 
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Finally ,  either  the  rate  of  heat  transfer,  Q1,  or  the  external  source  tem¬ 
perature,  T[0,  is  determined: 


or: 


Q'  =  f  (Tl0,  T;,  K6) 


T[o  =  f  (Q,  T^,  Ke) 


(32) 


Equations  for  Type  0  -  -  Constant  Q 


F0,  is 


tor  input  variables  T7,  M3,  and  Q,  the  predicted  final  core  temperature. 


Fe  =  T?  + 


Q 


K, 


M3kAi  -  eMaK*; 


The  decrement  for  this  temperature  function  is: 

K„ 


H9  *M3K8K^1  -e 

1  9 

The  incremented  value  for  Tg  is: 

T^  =  Te  +  U1  H0  (Fe  -  Tg) 

The  corresponding  fluid  exit  temperature  is: 


K, 


TJ  =  Tv  e 


K, 


The  corresponding  external  source  temperature  is: 

Q 


Tio  =  T9  +  K 


(33) 


(34) 


(35) 


(36) 


(37) 


Equations  for  Type  1  --  Heat  Leak 

tor  input  variables  T7,  M3,  and  T10,  the  predicted  final  core  temperature 
Eg,  is: 


/ 

.  Jk_\ 

Kr  Tin  +  M,K.\] 

1  -  e  M»Mt. 

JS^_\ 

MaKgJ 


(38) 


K6  +  MgKg^l  -  e 
The  decrement  for  this  temperature  function  is: 
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K 

H,=K,+  MaK,(l  -e  M»K')k4™  (39) 

a9 

The  incremented  value  for  T„  is: 

=  T9  +  U1  x  H9  (Fe  -  Tg)  (40) 

The  corresponding  fluid  exit  temperature  is: 

K  K 

T£  =  T7e  ****•+  Tj(l-e  MsK*)  (41) 

The  co  responding  external  heat  flow  is: 

Q'  =  Ke  (Tl0  -  T^  (42) 


Equations  for  Type  2  --  Radiation 


To  determine  the  predicted  final  value  for  core  temperature  F0  in  the 
radiation  case,  it  is  necessary  to  solve  the  fourth -order  equation: 


Kfl 


^3  Kg 


(T*  -  F„)  +  T  -  F  =  0 


If  the  dummy  variable,  x,  is  substituted  fo  r  F9,  then: 

K. 


f  (x )  = 


and  differentiating: 


M3KgU  -e 


f'(x)  =  - 


JSa _ \ 


(T*,  -  x4)  +  T7  -  x 


4Kf 


M3Kg(  1  -e  M3 

Then  the  Newton -Raphson  relation  is: 


Ka_\ 

*3K6j 


x3  -  1 


f(xn) 

Xn  +  1  "  xn  f'(Xn) 


(43) 


(44) 


(45) 


(46) 


to  be  used  recurrently  until  a  solution  of  sufficient  accuracy  is  obtained.  This 
is  done  in  the  model  to  a  level  of  10"B,  at  which  point  the  result  is  taken  to  be  Fs. 


The  corresponding  decrement,  H9,  is: 


„  "  m3k _\to 

H9  =  K4M3Kg  \1  -  e  3  6/ 


(47) 
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The  incremented  value  for  Te  is: 

TJ  =  T9  +  U1  xH8  (F0  -  T9) 

The  corresponding  value  for  Te  is: 

-  Jk_  f  _  Jk_\ 

T^  =  T7  e  +  T^l  -  e  MsK»J 

The  corresponding  value  for  Q  is: 

Q'  =  K0  (T^  -  T*) 

Liquid/Vapor  Effects 

For  those  cases  in  which  a  thermal  load  is  located  at  the  cold  output  of  a 
liquefication  device,  provision  must  be  made  for  flow  of  a  liquid/vapor  mixture 
through  the  load.  Under  transient  conditions,  this  mixture  can  vary  from  all 
vapor,  to  mixture  in/vapor  out,  to  mixture  in/mixture  out.  In  its  present  form, 
the  model  handles  only  a  Type  1  (heat  leak)  load  under  these  conditions. 

^or  this  portion  of  the  model,  the  following  additional  variables  and  para¬ 
meters  are  used: 

Y  7  =  Liquid  fraction  entering 

Y  8  =  Liquid  fraction  leaving 

E7  =  Enthalpy  of  vapor  entering 

Ee  =  Enthalpy  of  vapor  leaving 

K17  =  Enthalpy  of  liquid 

=  Temperature  of  liquid 

The  first  step  in  this  procedure  is  to  determine  whether  liquefication  is 
a  consideration.  To  accomplish  this,  the  entering  temperature  (T7,  is  com¬ 
pared  with  ie  liquid  temperature,  Kw.  If  T7  is  above  the  liquid  temperature, 
liquefication  is  not  present,  and  the  computation  proceeds  as  described  in  the 
preceeding  paragraphs. 


(48) 

(49) 

(50) 


If  the  entering  temperature,  T7,  is  equal  to  the  liquid  temperature,  K  , 
a  trial  calculation  of  the  liquid  fraction  is  made.  Assuming  that  the  liquid 
both  enters  and  leaves  the  load  structure,  the  liquid  fraction  leaving  is  calcu¬ 
lated  as: 


Y8  ~  Y7  iZi  ~  Kis) 
"M3(E7-K17) 


(51) 


If  this  leaving  fraction,  Y8,  is  positive,  the  assumption  is  valid,  and  the 
derivative  for  the  core  temperature  is  calculated  as: 


^(T.)  =  K4  [k«(Tm  -  T.)  -  KS(T,  -  K»)]22 
Then  the  updated  core  temperature,  Te,  is: 


The  fluid  exit  temperature  is  the  liquid  temperature: 

T.-K, 

The  external  heat  flow  to  the  load  is: 

Q  =  K6  (Tw  -  Te) 


(52) 


(53) 

(54) 

(55) 


If  the  leaving  liquid  fraction  calculated  in  Equation  51  is  negative,  it  in¬ 
dicates  that  the  entering  liquid  is  evaporated  within  the  device,  and  the  as¬ 
sumption  of  the  leaving  liquid  (with  its  associated  constant  temperature  im¬ 
plication)  is  not  valid.  It  is  then  necessary  to  calculate  the  fractional  distance 
over  the  core,  Zl,  in  which  liquid  is  present  as: 


Z1 


K3  (Te  -  Ktt) 


(56) 


The  core  temperature  derivative  is  then: 

(T10  -  Ts)  -  K3Z1  (T,  -  K*) 


^{T9)  =  k4 


K 


-  M3K8(T9  -KB)[l  -  e 
The  updated  core  temperature  is: 

t;  = T,  +  [|  (t,)]  ui 

The  leaving  fluid  temperature  is: 

K, 

Te  =  Te  -  (Tg  -  K* )  e 
The  external  heat  flow  is: 


V  a  -  Zl) 


M3Kg 


(1  -  Zl) 


Q  =  Ke  (T10  -  Te) 

The  leaving  liquid  fraction  is  zero: 

Y8  =  0 


TO 

T0 


(57) 

'58) 

(59) 

(60) 

(61) 


Outline  of  Model  Logic 

The  basic  flowchart  arrangement  for  the  thermal  load  model  is  shown  in 
Figure  86. 
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For  Each  of  N2 
Thermal  Loads 


Obtain  enthalpy  data 


iimiperstur  r  data 
poorly  candillunad 
prexent^^ 


Compute  speeifle  heat 
from  temperature  and  enthalpy  data, 


^  Is  ^ 
input  fluid 
at  liquid 
tempo  rnturr? 


Compute  liquid  fraction 
for  output  fiuid 
(assume  heat  leak  load). 


Compute  baaio  thermal  load 
parameter  relations. 


Compute  basic  thermal  load 
parameter  rclationa. 


is  thermal  load 
constant  Q7 
Ileal  leak? 
^Radlationt 


I'sing  appropriate  formulas,  calculate  one 

Predicted  final  core  temperature 
Core  temperature  decrement 
Incremented  core  temperature 
Updated  fiuid  exit  temperature 
Updated  source  temperature 
Updated  external  heat  flow 


Figure  86.  Flowchart  of  Thermal  Load 
Sequence) 


Model  (Logic  and  Calculation 
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Figure  87.  Schematic  Diagram  of  Turboalternator  Model 

The  system  pressure  and  the  pressure  ratio  are  assumed  constant.  Under 
these  conditions  fluid  is  applied  to  the  turbine  at  temperature  Tu,  mass  flow 
M4  results,  and  the  fluid  exits  at  temperature  Tla.  Mechanically,  the  assembly 
rotates  at  speed  W1,  at  which  the  turbine  develops  driving  torque  L  and  delivers 
mechanical  power  P  to  the  shaft  assembly.  The  alternator  in  turn  develops 
loading  torque  and  any  difference  between  Lx  and  Ls  will  result  in  accel¬ 
eration  or  deceleration  of  the  assembly,  with  a  consequent  change  in  its  stored 
energy. 

In  the  present  simplified  form  of  the  model,  the  torque-speed  functions 
for  both  the  turbine  and  the  alternator  are  assun  ed  to  be  linear.  The  alter¬ 
nator  function  is  assumed  to  be  constant,  while  the  slope  of  the  turbine  func¬ 
tion  will  depend  upon  the  inlet  temperature.  The  torque-speed  relations  are 
shown  in  Figure  88. 


Figure  88.  Torque -Speed  Relations  for  Turboalternator  Model 

In  particular,  in  the  model,  Lq  is  assumed  to  be  constant,  Wq  is  a  func¬ 
tion  of  input  temperature  TX1,  and  Ls  is  proportional  to  Wx. 

The  fluid  exit  temperature,  Tla,  is  determined  by  making  the  product  of 
mass  flow  M4  and  temperature  difference  Tu-Tia  proportional  to  the  turbine 
snaft  power,  P.  In  the  ideal  case,  in  consistent  units,  this  constant  of  pro¬ 
portionality  will  be  the  reciprocal  of  the  fluid  specific  heat. 
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The  model  variables  are: 

Tn  =  Input  fluid  temperature 
Tia  =  Exit  fmid  temperature 
M4  =  Mass  flow  through  turbine 
=  Assembly  shaft  speed 
Lx  =  Turbine  torque 
La  =  Alternator  torque 
P  =  Turbine  shaft  power 
W0  =  Turbine  maximum  speed 


The  specified  model  parameters  are: 

K0  =  Product  of  turbine  mass  flow  and  square  root  of  inlet  temperature 

=  Ratio  of  turbine  maximum  speed  to  square  root  of  inlet  tem¬ 
perature 

=  Slope  of  alternator  torque -speed  function 
Kn  =  Mechanical-thermal  power  conversion  factor 
Kia  =  Assembly  shaft  moment  of  inertia 
L0  =  Turbine  stalled  torque 


It  is  noted  that  the  effective  mechanical  time  constant  for  the  assembly  is: 

1 


M 


K, 


lSlw, 


+■  K 


K) 


(621 


This  constant  will  vary  with  the  temperature  as  W0  changes. 
Model  Equations 

The  mass  flow,  M4,  is  a  function  of  the  inlet  temperature: 


M4  =  -^S= 


(63) 


The  turbine  maximum  speed  is  a  function  of  the  inlet  temperature: 

W0  =  Kg  Jt^~  (64) 

The  turbine  torque  is  a  function  of  the  ratio  of  the  present  speed  to  the 
maximum  speed- 


(65) 
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The  alternator  torque  is  proportional  to  the  speed: 

La  =  Kl0  Wj  (66) 

Acceleration  is  proportional  to  the  torque  difference: 

^3  =  Ku  (Lt  -  L.s)  (67) 

Speed  is  incremented  for  a  given  acceleration  and  time  step,  Ul: 

W'=Wl+UlxLa  (68) 

A  new  value  foi  the  shaft  power  is  determined  as  the  product  of  the  turbine 
torque  and  speed: 

p,=L^  w;  (69) 

A  new  exit  fluid  temperature  is  determined: 


Optional  Algebraic  Solution 


Tia  =  Tn-^P’ 


To  avoid  the  effects  of  the  normally  short  turboalternator  time  constant 
a  direct  algebraic  solution  for  the  shaft  speed  can  be  used  as: 


K  jq  W0  -f  Lp 


Typically,  the  speed  can  be  computed  transiently  for  a  sufficient  time  to 
permit  acceleration  to  normal  operating  speed  and  then  it  can  be  updated  al- 
gebracially  for  subsequent  time  steps. 

Outline  of  Model  Logic 

The  basic  flowchart  arrangement  for  the  turboalternator  model  is  shown 
in  Figure  89. 


JOULE-THOMSON  LIQUEFIER  MODEL 

The  Joule -Thomson  valve  and  liquefier  reservoir  combination  is  treated 
as  a  three -terminal  device  with  provision  for  valve  adjustment  to  increase 
ugh  temperature  flow  and  with  provision  for  liquid  drainage.  The  conceptual 
arrangement  is  shown  in  Figure  90.  P 

The  device  is  assumed  to  be  operating  across  the  difference  between  two 
c  onstant  pressures,  utilising  the  nonlinear  temperature -enthalpy  relations  at 
nc-r-liquid  temperatures  in  an  idealized  fashion,  to  achieve  the  desired  functions. 
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Figure  89. 


Flowchart  of  Turboalternator  Model  (Logic  and  Calculation 
sequence) 
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Figure  90.  Conceptual  Arrangement  of  Joule -Thomson  Liquefier  Model 

The  flow  through  the  Joule -Thomson  valve  is  assumed  to  be  a  function  of 
the  inlet  temperature.  Tl3>  as: 

M,  =  (72) 

1  13 

Because  the  normal  design  operating  point  for  the  valve  is  at  near  liquid 
temperature,  the  flow  will  be  extremely  small  for  most  of  a  cooldown  tran¬ 
sient,  effectively  blocking  any  cooling  operation  of  the  lowest  flow  loop  of  the 
system. 

Assuming  that  some  compensation  for  this  effect  will  be  made  in  a  prac¬ 
tical  system,  a  flow  bypass  function  is  included  in  the  model.  The  flow  bypass 
function  provides  preselected  flow,  Kl4,  to  exist  above  a  preselected  temper¬ 
ature,  Ku,  below  which  the  design  characteristics  of  the  valve  take  over.  This 
procedure  is  illustrated  in  Figure  91. 


Figure  91.  Flow  Bypass  Function  Procedure 
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With  the  flow  into  the  device  established,  the  remainder  of  the  problem 
involves  determination  of  the  thermal  state  existing  and  applying  mass  and 
energy  flow  balance  relations. 

The  input  temperature,  T13,  is  known,  and  the  enthalpy,  E13,  for  that  tem¬ 
perature  at  the  input  high  pressure  is  also  known.  The  valve  output  tempera¬ 
ture,  F1S,  is  then  determined  for  the  same  enthalpy  and  for  the  lower  exit 
pressure.  Several  possibilities  are  then  considered. 

If  there  is  no  liquid  (M0)  present  and  the  valve  exit  temperature,  F.  ,  is 
above  the  liquid  temperature,  K^,  then  the  fluid  is  assumed  to  simply  flow 
through  the  device  and: 


M«  =  Mb 
=  Fu 


If  the  valve  exit  temperature  calculation  results  in  a  value  for  F13  below 
the  liquid  temperature,  it  is  assumed  that  liquefication  is  taking  place. 
Under  this  condition,  the  output  temperature,  Tu,  is  taken  to  be  the  liquid 
temperature,  K:s,  and  a  corresponding  enthalpy,  Eu,  is  determined. 

If  an  accumulation  of  liquid  exists,  it  is  assumed  that  the  output  temper¬ 
ature,  r14,  is  equal  to  the  liquid  temperature,  K^,  with  corresponding  en¬ 
thalpy  Eu,  regardless  of  the  value  of  the  valve  exit  temperature,  F^: 


Me 

F.-'.K. 


(73) 


14  “  K15 


Eu=  f(Tw)  =  f(K-) 


F«<K» 

or 

Mq>0 


(74) 


Tht  rate  at  which  liquefication  of  the  incoming  fluid  takes  place  (M  )  is 
determined  by  the  energy  balance  relationship: 

Ms  xEl3  =  M,  xKr  +  (M6  -  M,)  x  E14 


‘  jH  kM  Hi 

^14  *^17 


(75) 


where  Kl7  is  the  enthalpy  of  the  liquid. 

The  above  relationships  permit  positive  liquefication  rate  M_  when  the 
valve  exit  temperature  (and  consequently  El3)  is  sufficiently  low;  the  relation- 
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ships  also  permit  a  negative  liquefication  rate  (boiling  off)  when  the  valve  exit 
temperature  rises  while  accumulated  liquid  remains  to  hold  output  enthalpy 
Em  constant.  When  all  of  the  liquid  is  gone  and  Tu  is  above  the  liquefication 
temperature,  EM  =  Ew  and  rate  M,  is  zero. 

The  output  flow  for  device  Me  will  be  the  difference  between  input  flow  Mg 
and  liquefication  rate  M,; 

Me  =  Mg  -  M,  (76) 

The  quantity  of  the  existing  liquid,  Me,  is  determined  by  integrating  the 
liquefication  rate,  M^,  less  any  selected  drain  rate,  for  time  stepUl: 

Me  =  Me  +  U1  x(M,  -  Kxe)  (77) 

Because  it  is  possible  for  this  integr  ation  to  proceed  through  zero  with  a 
negative  rate,  logic  is  provided  to  arbit’  arily  limit  such  a  result  at  Me  =  0. 
The  model  variables  are: 

Tia  *  InPut  temperature  --  high  -pressure  side  of  Joule -Thomson 
valve 

Ey  =  Enthalpy  for  Tu 

Fu  =  Ideal  temperature  --  low-pressure  side  of  Joule -Thomson  valve 
Tw  =  Output  temperature  —  accumulator  output  at  low  pressure 
Ew  =  Enthalpy  for  Tu 

M6  =  Input  mass  flow  --  Joule -Thomson  valve  plus  bypass 
M0  -  Output  mass  flow  --  accumulator  output  at  low  pressure 
=  Mass  flow  to  liquid 
Me  =  Accumulated  liquid  mass 

The  model  specified  parameters  are: 

=  Temperature  at  which  bypass  is  closed 
=  Total  mass  flow  while  bypass  is  open 
K:b  =  Liquid  temperature 
Kxe  =  Liquid  drain  flow  rate 
K17  »  Enthalpy  of  liquid 

^ie  Product  of  flow  rate  and  square  root  of  input  temperature  for 
Joule -Thomson  valve 

Outline  of  Model  Logic 

The  basic  flowchart  arrangement  for  the  Joule -Thomson/liquefier  model 
is  shown  in  Figure  92. 
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®ure  92.  Flowchart  of  Joule -Thomson/Liquefier  Model 
(Logic  and  Calculation  Sequence) 
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Alternative  (Split)  Configuration 


In  certain  refrigerator  configurations  the  Joule -Thomson  valve  and  liquid 
accumulator  mil  be  separated  by  an  intervening  thermal  load,  or  other  device. 
F  these  cases,  separate  models  of  the  valve  and  accumulator  devices  are 
provided,  based  upon  the  preceding  development. 

The  following  additional  variables  are  introduced: 

T*  =  Valve  exit  temperature 


Eje  =  Valve  exit  enthalpy 
YO  =  Valve  exit  liquid  fraction 


Mg  =  Accumulator  entering  flow 

J'is  ”  Accumulator  entering  temperature 

Eie  =  Accumulator  entering  enthalpy 

y  i  ~  Accumulator  entering  liquid  fraction 


The  basic  flowchart  arrangements  for  the  separate  Joule-Thomson  valve 
and  liquid  accumulator  models  are  shown  in  Figures  93  and  94. 


AUXILIARY  FUNCTIONS 


Temperature -Enthalpy  Relations 

m°.del  the  sysi;em  behavior  properly  at  very  low  temperatures  it  is 

Dlish  this  ,°  ‘he  ',ariation  in  the  nuid  specific  heat.  To  accom- 

are  included  ?ehI'  I?t?alPy  fun'tions  for  the  ‘*o  pressures  involved 

e  general  form  of  the  true  function  is  shown  in  Figure  95. 

Noting  that  the  true  function  approaches  the  ideal  linear  perfect  gas  re- 

for  calcu^  ^Symptotically'  a  hyperbolic  approximation  was  arbitrarily  chosen 
for  calculation  purposes.  The  general  relation  used  is: 


(78) 


where: 


T  =  Fluid  temperature 
E  =  Fluid  enthalpy 
C  =  Constant  parameter 


This  relation  is  equally  useful  for  obtaining  enthalpy  for  a  given  temner- 
and  for  obtalninfT  temperature  corresponding  to  a  given  value  for  en- 
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Sot  exit  temperature  equal  Set  exit  temperature  equal  Set  exit  temperature  equ?' 

to  entering  temperature.  to  liquid  temperature.  to  liquid  temperature. 

Set  liquefication  fraction  Compute  fraction  of  flow  Set  liquefication  fraction 

to  zero.  liquefied  or  evaporated.  equal  to  entering  fraction. 


Figure  94 .  Flowchart  of  Liquid  Accumulator  Model  (Logic  and  Calculation 
Sequence) 
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Figure  95.  General  Form  of  True  Function 


thalpy.  In  the  latter  case,  the  symbol  F  is  used  in  place  of  T 

f  trial/alue  of  temperature  rather  than  the  ultimate 
used.  The  two  relations  are: 


because  it  is 
temperature 


E  = 


(79) 


F-c 


(80) 


SJ 


where  F  is  the  trial  value  for  temperature  T. 

annr J°  Pr!Vent  pOSsible  erroneous  results  from  the  dual-valved  hyperbolic 
approximation  near  its  point  of  reversal,  the  approximation  is  terminated  bv 
a  linear  segment  at  the  low-temperature  end,  as  illustrated  in  pTgure  96  7 
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The  relations  for  this  terminating  segment  are: 


E  =  C7  (T  -  C6)  |  T  <  C6 


F  =  Ce  + 


_E 

C7 


e<c7  (Cb  -  c6) 


•(81) 

(82) 


There  are  two  such  temperature -enthalpy  curves  stored  in  the  model,  one 
for  the  high-pressure  side  and  one  for  the  low-pressure  return.  These  curves 
are  designated  by  a  second  subscript,  Z,  where: 


Z  =  1  for  high-pressure  curve 
Z  =  2  for  low-pressure  curve 
The  constant  parameters  will  then  be  of  the  form: 


C  (n,  Z) 


n  =  1  to  7 
Z  =  1  to  2 


The  calculation  will  be  entered  with  a  value  for  either  T(J,1)  or  E(J,1)  and 
a  value  for  Z  indicating  high  or  low  pressure.  The  output  will  then  be  the 
corresponding  E(J,  1)  or  F(J,l). 


In  sorre  cases,  a  better  empirical  fit  can  be  obtained  by  a  displacement 
of  the  enthalpy  reference  axis  (biasing  E  by  a  constant  value).  For  this  pur¬ 
pose,  an  additional  bias  parameter,  Ce,  is  included  so: 

E'  =  E  4  Ce  (83) 

F'  =  f(E)  =  f(E'  -  Ce)  (84) 


Miscellaneous  Time  Functions 

In  a  transient  model  there  are  a  few  routine  bookkeeping  functions  to  be 
performed.  These  functions  include  integration  of  incremental  time  steps, 
Ul,  to  determine  the  total  elapsed  time,  U: 

U'  =  U  +  Ul  (85) 

and  a  counter  to  determine  the  elapsed  intervals  between  the  desired  printout 
points: 

II'  =  II  +  Ul  (86) 

It  may  also  be  desirable  to  change  some  load  or  other  system  parameter 
at  some  selected  point  in  time  (or  when  any  other  system  variable  reaches 
some  preselected  value).  For  example: 

X  =  A  |  U  <  Y 

X  =  B  |  U  >  Y ,  T  >  Z 

X  =  C  |  U  >  Y ,  T  <  Z 
Etc. 
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Bf  cause  all  computations  are  repeated  from  a  fresh  set  of  input  data  at 
each  time  step,  the  application  of  such  switching  logic  is  limited  only  by  the 
ingenuity  of  the  user. 

MODEL  NOMENCLATURE 

The  sets  of  system  parameters  and  system  variables  are  designated  in 
vector  form  using  a  descriptive  letter  with  two  subscripts.  For  example, 

T(J> I)  represents  the  temperature  at  the  Jth  point  in  a  component  device 
model,  for  the  Ith  such  device  in  the  system. 

The  letter  designations  for  the  principal  parameters  and  variables  are: 

K  =  Constant  parameter 
T  =  Temperature 

F  =  Final  (steady-state )  temperature 
E  =  Enthalpy 

H  =  Decrement  for  transient  temperature 
M  =  Rate  of  mass  flow 
L  =  Torque 

W  =  Shaft  rotational  speed 
Q  =  Rate  of  heat  flow 
P  =  Mechanical  power 

These  designations  are  numbered  sequentially  (first  subscript)  as  they 
appear  in  the  following  hierarchy  of  component  device  models  (listed  with  their 
descriptive  abbreviations)  (Table  12). 


Table  12 

FIRST  SUBSCRIPT  (J)  ALLOCATION  SEQUENCE 


Letter 

H-E 

T-L 

T-A 

J-T/LIQ 

K 

1-2 

3-7 

8-12 

13-18 

T 

1-6 

7-10 

11-12 

13-18 

F 

1-6 

9 

-- 

13 

E 

1-4 

co 

i 

r- 

-- 

13-18 

H 

1-6 

9 

_  _ 

M 

1-2 

3 

4 

5-9 

L 

W 

““ 

— 

0-3 

-- 

0-1 

-- 

Q 

— 

No  Subscript 

_  _ 

P 

“  - 

No  Subscript 

— 

This  basic  numbering  structure  is  illustrated  in  Figure  97  for  Temperature 
and  Enthalpy  functions. 

The  basic  numbering  structure  for  mass  flow  functions  is  similarly  illus¬ 
trated  in  Figure  98. 


Figure  97.  Basic  Numbering  Structure  for  Temperature  and  Enthalpy 
Functions 
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Heat 

^Exchanger 


Thermal  Load 


Turboalternator 


Joule-Thomson 

Liquefier 


Liquid 

Accumulator 


Joule-Thomson 

Valve 


Figure  98.  Basic  Numbering  Structure  for  Mass  Flow  Functions 


For  example,  any  temperature  T(9, 1)  will  be  the  core  temperature  for 
seme  thermal  load,  and  any  mass  flow  rate  M(4,I)  will  be  the  flow  rate  for 
some  turboalternator. 


Three  special  cases  are  noted.  Whereas  M1-7  represents  the  mass  flow 
,  Ma  is  the  accumulated  liquid  mass  rather  than  a  rate.  No  first  subscript 


is  used  for  heat  flow  rate  Q  or  for  mechanical  power  P,  because  these  arc  as¬ 
sociated  exclusively  with  thermal  loads  and  turboalternators,  respectively. 

rhe  three  directly  related  variables,  present  temperature  T,  final  tem¬ 
perature  F,  and  enthalpy  E,  will  always  be  consistently  numbered  (when  they 
have  the  same  subscripts,  they  will  refer  to  the  same  point  in  the  system). 

The  second  subscript,  I,  is  used  to  number  the  devices  of  any  given  type 
sequentially,  beginning  with  the  device  at  the  coldest  point  in  the  system.  For 
example,  T(J,  1)  will  be  a  temperature  for  the  bottom  heat  exchanger,  coldest 
thermal  load,  lowest  turboalternator,  or  the  liquefier,  depending  upon  the  de¬ 
vice  type  identification  J .  T(J ,  2)  will  refer  to  the  next  coldest  device  of  that 
type,  and  so  forth. 

The  use  of  this  nomenclature  is  illustrated  for  a  typical  system  assembly 
in  Figures  99  through  101. 

Detailed  Model  Nomenclature 

Following  is  a  list  of  the  model  nomenclature: 

Nomenclature  Description 

Dummy  variable  for  intermediate  computation 

Dummy  variable  for  intermediate  computation 

Dummy  variable  for  intermediate  computation 

Constant  parameter  for  temperature -enthalpy  function,  J  = 

1  to  7,  Z  =  1  for  high  pressure,  Z  =  2  for  low  pressure 

Dummy  variable  for  intermediate  computation 

Dummy  variable  for  intermediate  computation 

Dummy  variable  for  intermediate  computation 

Dummy  variable  for  intermediate  computation 

Enthalpy  at  point  J  for  device  I 

Final  (steady-state)  temperature  at  point  J  for  device  I 
Temperature  decrement  at  point  J  for  device  I 
Subscript  for  particular  device  of  its  type 
Counter  to  control  printout 
Subscript  for  point  relative  to  device  .vpe 
Constant  parameter  for  device  I,  J  =  1  to  18 
Turbine  stall  torque  for  turboalternator  I 
Turbine  torque  for  turboalternator  I 

J  54 


A 

B 

C 

C  (J,Z) 

D 

E 

El 

E2 

E  (J,I) 
F  (J,  I) 
H  (J, I) 

I 

II 
J 

K  (J ,  I) 
L  (0,1) 

L  (1,1) 


K1 


m 


- - 1 

99.  Example  of  Model  Nomenclature  for  Devices 
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T (10,  2) 


T(5,  5) 


T (3,  5) 


T(4.  4) 


T(6,  5) 


T(2,  5) 


T(l,  4) 


T(5,  4) 


T(9,  3) 


T(7.  3)  T(8,  3) 


T(ll,  2) 


T(3,  4) 


T(4,  3) 


T(3.  3) 


T(4.  2) 


T(3,  2) 


T(3,  1) 


T(6,  4) 


T(2,  4) 


T (1,  3)  T (10,  2) 


T(12,  2) 


T(5,  3) 


T(6,  3) 


T  ( 9,  2 ) 


T(5,  2) 
T(6,  2) 


T(2,  3) 


T(l,  2) 


T  (2 ,  2 ) 


T(7.  2)  T(8,  2) 


T(5,  1) 
T(6,  1) 


T  (2,  1) 


|T(8.  D 


T  (10,  1) 


T(9,  1)  f  T(7. 1) 


T(14,  1) 


T(13,  1) 


T(ll.l) 


T(12,  1) 


CR-4441 


P‘gUre  101 '  f  “°d ?'  Nome^ture  lor  T  0,1)  (Temperature). 

Q  (I)  (Heat  Flow),  and  P  (I)  (Power) 


Nomenclature 


Description 


L  (2,1) 
L  (3,1) 
M  (J,I) 
M  (8,1) 
N1 
N2 
N3 
N4 
N5 

N  (J,I) 
P  (I) 

Q  (I) 

T  0 

T  (J.I) 

U 

U1 

V 

W  (0,1) 
W  (1,1) 
X 

Y 
Y0 
Y 1 
Y7 
Y8 
Z 
Z1 


Alternator  torque  for  turboalternator  I 

Shaft  acceleration  for  turfcoalternatoi  I 

Mass  flow  rate  at  point  J  for  device  I,  J  =  1  to  7 

Accumulated  liquid  mass 

Number  of  heat  exchangers  (2  1) 

Number  of  thermal  loads  (2  1) 

Number  of  turboalternators  (2  1) 

Joule -Thomson/Liquefier  indicator  (0  or  1) 

Print  control  (0  for  data  only,  1  for  headings  also) 

Synthetic  mass  flow,  J  =  1  or  2,  heat  exchanger  J 

Shaft  power  for  turboalternator  I 

Heat  flow  rate  for  thermal  load  I 

Ambient  temperature 

Temperature  at  point  J  for  device  I 

Elapsed  time 

Computation  time  step 

Dummy  variable  for  intermediate  computation 
Maximum  turbine  speed  for  turboalternator  I 
Shaft  speed  for  turboalternator  I 
Dummy  variable  for  intermediate  computation 
Dummy  variable  for  intermediate  computation 
Liquid  fraction  at  Joule -Thomson  valve  output 
Liquid  fraction  at  accumulator  input 
Liquid  fraction  at  thermal  load  input 
Liquid  fraction  at  thermal  load  output 
Dummy  variable  for  intermediate  calculation 
Dummy  variable  for  intermediate  calculation 


COMPONENT  DEVICE  SUBROUTINES 

The  complete  subroutine  mechanization  of  the  principal  component  devices 
is  shown  in  flowchart  form  in  Figures  102  through  107. 
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Figure  103.  Flowchart  of  Thermal  Load  Subroutine 


I  =  1 


M(4,I)  =  K(8, 1)/SQR(T(11, 1)) 
W(0,I)  =  K(9,I)*SQR(T(I  I,  I)) 

L(I,  I)  =L(0,I)*(1-W(1,I)/W(0,I)) 


U<  100? 


W(1,I)  =  W(0,I)*L(i\I)/(K(10.I)*W(0,I)+L(0,I)) 


L(2, 1)  =  K(I0,I)*W(I,I) 

L(3,I)  =  K(12,I)"(L(1.I)-U2,D) 
W(1,I)  =  W(1 , 1)+U1*L(3, 1) 


figure  105.  Flowchart  of  Joule -r~homson/Liquefier  Subroutine 
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Figure  106.  Flowchart  of  Joule -Thomson  Valve  Subroutine 
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t 


Figure  107.  Flowchart  of  Liquid  Accumulator  Subroutine 
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NUMERICAL  EXAMPLE 


The  specific  configuration  considered  is  shown  in  Figure  108.  The  steady- 
state  design  point  is  shown  in  Figure  109. 


Figure  108.  System  Configuration 


Figure  109.  Steady-State  Design  Point 
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3f  fh Jr°m  thGSe  data’  plus  ^formation  regarding  the  thermal  time  constants 

(e  P  thpK%CmPOnT  tViCeS'  the  specifying  Parameters  for  all  devices 
rr  g  Th  can  e  determined  algebraically  using  Equations  1  through 

86.^  The  specific  numerical  values  for  this  case  are  given  in  Figures  111  and 


*  thls  experimental  transient  run,  neither  the  true  sequence  and  timing 

For  fhf:rS  nOIl  e  pr°per  time  Step  Size  for  stability  is  initially  known, 
ignated  ARPAl”  tw°  Program  variations  were  used.  The  first  of  these,  des- 

Snat^  ARPAramS,am  ^  temperature  initial  conditions.  The  second, 
designated  ARPA2,  contains  a  set  of  arbitrary  initial  conditions.  This  sec¬ 
ond  variation  is  used  to  restart  the  run  at  any  point  -  in  particular  when  a 

arrant  to  the  w  At  SUCh  P°int'  the  ne*  initial  conditions 

tion  of  tLe  transfenl^  63  °f  ^  VaHableS  fr°m  the  preceding  p— 


In  this  particular  case,  the  step  size  was  initially  set  at  1  second-  it  then 
was  increased  to  10  seconds  and  finally  it  was  increased  to  100  seconds  at  the 

Zr  t  d™  n  ™Srmittei  the  lUrblMS  *°  aa«'-ate  to  noZal  op- 
in  a  stable  manner  SyStem  ‘°  SelHe  int°  the  steady  cooldown  moda 


«°Waf  S'  en  °!  lhe  ''ooldown  transient  it  was  necessary  to  reduce  the 
second  as  th  ?heC°nda'  ,10  seconds’  S  seconds,  1  second,  and  finally  to  0.1 
amres  '  thermal  tlme  constants  were  reduced  by  the  lowering  temper  - 


m,T°  si“ulate  the  temperature  rise  at  the  input  to  the  cryosection  (eom- 

bient  322°K  Sn!rr'00leh)'t  that,  inP“  temperature  was  initially  set  at  the  am- 

dZ„  value  of  33?-  K  1tbart  y  ”  '°  HSe  exP°ncntially  to  the  steady-state 

gn  value  of  335  K  with  a  time  constant  of  60  seconds. 

„  .fS  an  experimen\lhe  flow  through  the  J  oule  -  Thom  son  valve  was  aroi- 
ti  p  !/  prog^aJnnJed  'Simulating  cooldown  control)  to  permit  200  percent  of 

bolowe50yK  F!naUygnatn6W25"KaconrVhen  l°°  ,h*  deSig"  "°W 

many  at  b.Zb  K,  control  was  removed.  The  Duroose  of  thi<; 
IlatZt  poZ  '°  aW  C°°ldOWn  °‘  ",e  maSSiVe  thermal  >°ad  (dermal  Load 


wattsFatr4h5"KTaSihnt  ""V  “Z Q>  f°r  Thermal  Load  1  was  set  “>  he  4.20 
4  f,° K).  *  change  from  the  steady-state  design  point  of  5.05  watts  at 


COMPr  NFNT  DEVICE  TIME  CONSTANTS 


The  estimated  time  constants  for  the  various 
were: 


component  devices  at  350°K 
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Component  Time  Constant  (seconds) 

Heat  Exchanger  1  560 

Heat  Exchanger  2  158 

Heat  Exchanger  3  500 

Heat  Exchanger  4  5,870 

Heat  Exchanger  5  12,300 

Thermal  Load  1  5,  670 

Thermal  Load  2  100 

Thermal  Load  3  8,  004 

Turboalternator  1  5 

Turboalternator  2  5 

The  very  great  range  among  devices  dictates  the  progress  of  the  stepwise 
computation  procedure.  In  particular,  the  short  time  constants  for  the  cold- 
end  heat  exchangers  require  relatively  short  time  steps,  and  the  long  time 
constants  among  the  remaining  devices  determine  a  relative  long  total  elapsed 
time  for  cooldown. 

To  aid  in  the  computational  procedure  without  significantly  affecting  the 
s;mulated  system  performance,  the  tarboalternator  time  constants  were 
simply  eliminated  algebraically  after  the  turbines  had  completed  their  accel¬ 
eration  to  normal  speed  (after  100  seconds). 

The  equations  used  for  calculation  of  thermal  load  decrements  were  de¬ 
scribed  above  under  "Thermal  Load  Model.  "  The  manner  in  which  values 
for  the  heat  exchanger  time  constants  were  calculated  is  outlined  below. 

The  time  constant  for  a  counterflow  heat  exchanger  was  defined.  It  is 
assumed  that,  for  the  two  streams  in  the  counterflow,  the  products  of  the 
flow  rate  and  the  heat  capacity  (heat  capacity  flow  rate)  are  the  same.  With 
the  heat  exchanger  at  a  steady-state  condition,  and  with  one  of  the  two  inlet 
stream  temperatures  held  fixed,  the  temperature  of  the  other  inlet  stream  is 
suddenly  changed  to  a  new  constant  value.  The  outlet  temperature  of  that 
stream  will  gradually  go  through  an  excursion  to  a  new  steady-state  value. 

The  time  constant  is  defined  as  the  time  required  for  that  outlet  temperature 
to  go  through  a  fraction  l-(l/ e)  of  the  total  temperature  excursion.  This 
fraction  is  equal  to  0.632. 

A  further  definition  needed  is  for  thermal  effectiveness.  This  parameter 
is  defined  as  the  ratio  of  the  amount  of  heat  actually  transferred  oetv'een 
streams  to  the  maximum  amount  of  heat  that  could  theoretically  be  transferred 
in  an  infinitely  large  counterflow  heat  exchanger. 


Tmad  1CUlate  the  exchanger  time  constants,  the  following  assumptions 

•  Heat  capacity  flow  rates  are  the  same  for  each  stream. 

•  Heat  exchanger  thermal  effectiveness  is  sufficiently  high  that  the 
temperature  difference  between  streams  is  small  relative  to  the 
temperature  difference  along  the  length  of  the  streams. 

•  Thermal  wave  propagates  along  the  length  of  the  exchanger  without 
diffusion  (a  rectangular  wavefront  remains  rectangular). 

•  Heat  capacity  of  the  gas  within  the  exchanger  at  a  given  time  is  small 
relative  to  the  heat  capacity  of  the  exchanger  itself. 


Reference  4  was  used  as  the  basis  for  derivation  of  the  following  equation: 

M  C 

Time  Constant  =  0.316 - £— £ -  (87) 

MCp  (1  -  e) 

where: 

Mc  =  Mass  of  heat  exchanger  core 

Cc  -  Specific  heat  of  heat  exchanger  core  material 

M  =  Mass  flow  rate  for  gas 

Cp  =  Specific  heat  of  gas 

e  -  Exchanger  thermal  effectiveness 


For  example,  the  time  constant  for  the  largest  heat 
Exchanger  5)  was  calculated  as  follows: 


exchanger  (Heat 


Mc  =  70.  2  kilograms 
Cc  =  0.91  joules  per  gram  °K 
M  21. 0  grams  per  second 
Cp  =5.2  joules  per  gram  °K 
e  =  0.985 


TC  =■ 


K 


0.316 


25 


70,  200  x  0.  91 
21  x  5.2  (1-0.985) 


-  1 2, 3 00  seconds 


(88) 


TEMPERATURE -ENTHAI.PY  DATA 


emDiric.MtT16  P°in,tS  US‘ed  *  FigUre  110  are  take"  fr°m  «>e  (continuous) 
empirically  derived  temperature-enthalpy  functions  used. 
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PRESSURE  *  3.8 


T 


H 


6.  1 

6*214 

6.5 

7 

8 

9 

10 

11.44 

13.91 

20 

40 

65.78 

77.54 

100 

200 

300 

322 

335 


24.4307 

27.9366 

32.7544 

38.414 

46.9 

54.0273 

60.5477 

69.3684 

83.6812 

1 17.177 

222.93 

357  •  4r/3 

418.^56 

535.433 

1054.79 

1573.91 

1688.11 

1755.58 


PRESSURE  ■  1  .  «  8 
T  H 


4.3 

4.4 

5 

6 
8 

10 

1  1  .33 
12.07 
20 
40 

64.97 
72.  1  5 
100 
200 
300 
322 
331 


27.7686 

29.9474 

36.0442 

42.9076 

54.5915 

65.5578 

72.704 

76.6515 

118.405 

222.653 

352.478 

389.791 

534.493 

1053.96 

1 573.37 

1 687.64 

1734.39 


Figure  110.  Temperature -Enthalpy  Sample  Points 
SAMPLE  PRINTOUT  --  ARPAl 


Figure  1 1 1  is  a  reproduction  of  the  heading  printout  and  sample  data  for 
*  ginning  of  a  transient  run.  The  heading  information  includes  parameter 
data  for  all  component  devices.  The  first  data  sheet  defines  and  illustrates 
the  normal  data  printout. 


ARPA  TRANSIENT  REFRIGERATOR  MODEL 
AMBIENT  START  CARPAl) 


HEAT  EXCHANGERS  —  5 
THERMAL  LOADS  --  3 
TURBO-ALTERNATORS  --  8 
J-T  VALVE/LIQUEF IER 

AMBIENT  TEMPERATURE--  322  DEG  K 
INITIAL  TIME  STEP--  1  SECONDS 

TIME  STEP  ADJUSTED  BETWEEN  0.1  AND  100  SEC  DURING  RUN 

HEAT  EXCHANGER  1 
K 1 =  46.5251  K2*  1.66371  E-3 

HEAT  EXCHANGER  2 

Kl*  15.9946  K2  =  5.89669  E-3 

HEAT  EXCHANGER  3 

Kl  =  560.522  K2=  1.86335  E-3 

HEAT  EXCHANGER  4 

Kl  =  64.6278  K2=  1.58718  E-4 

HEAT  EXCHANGER  5 
K 1  =  1160.98  K2=  7.57461  E-5 

THERMAL  LOAD  1  TYPE  1 

K3=  5C.5  XA=  9.52652  E-6  K5=  5.19 

K6  =  1.32283  E-2 

THERMAL  LOAD  2  TYPE  1 

K3=  20-9395  K4=  5.49081  E-4  K5=  5.19 

K6  =  1.62449  E-2 

THERMAL  LOAD  3  TYPE  1 

K3*  53.5899  K4=  3.74264  E-6  K5*  5.19 

K6=  0.440665 

TURBO-ALTERNATOR  1 

K8=  34.4306  K9=  25.6356  K10=  5.54947  E-2 

K1 1 =  0.192789  K 1 2=  0.900987 

TURBO-ALTERNATOR  2 

K8=  74.2374  K/  =  12.1989  K10=  0.218396 

K  1 1  =  0.190937  <12=  0.228942 

J-T  VALVE/LIQUEriER 

K 1 3=  50  K I  4*  7.1  K  1  5=  4.4 

K 1 6=  0  K 1 7=  10.96  K18“  8.8494 

COOLDOWN  FROM  AM.'IENT  TEMPERATURE 
CONSTANT  PRESSURE  3.8/1.18  ATM 
WITH  LIQUEFIER 

CONTROLLED  J-T  VALVE--M=7 . 1 0  FOR  TEMP  ABOVE  50 

--M=3 • 55  FOR  50  TO  6.25 
--NO  CONTROL  BELOW  6.25 


Figure  111.  Heading  Printout  and  Sample  Data  for  ARPAl 
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TIME--SECONDS 
T-TEMPER^TURE— DEG  K 
0*HEAT  FLOW--WATTS 
M-MASS  FL0W-- GRAMS/SEC 
W-SHAFT  SPEED— RPH*HOO 
P “POWER *“WATTS 


TIME 


H-E 

T1 

T2 

T3 

T4 

T-L 

T8 

T9 

T10 

0 

T-A 

T12 

M4 

W 

P 

J-T/LIO 

T14 

M5 

M7 

M8 

TIME"  0 

H-E  1 

H-E  2 

H-E  3 

H-E  4 

H-E  S 

322 

322 

322 

322 

322 

322 

322 

322 

322 

322 

322 

322 

322 

322 

322 

322 

322 

322 

322 

322 

T-L  1 

T-L  2 

T-L  3 

322 

322 

322 

322 

302 

322 

322 

322 

322 

0 

0 

0 

T-A  1 

T-A  2 

322 

322 

1.91874 

4.13709 

0 

0 

0 

0 

J-T/LIO 

322 

7.1 

0 

0 

TIME*  10 

H-E  1 

H-E  2 

H-E  3 
+-E  A 

H-f  S 

321 .914 

322. 

321-99 

322 

323.996 

322. 

321.914 

322. 

321 .99 

322 

322.023 

318.12 

321 .952 
310.659 

321 .997 

322. 

321.952 

322. 

321.997 

322.001 

T-L  1 

T-L  2 

T-L  3 

322.023 

322. 

322. 

322. 

322. 

322 

322 

322 

322 

-2.72495  E-6 
4.33786  E-7 
0 

T-A  1 

T-A  2 

303.762 

285.935 

1.91874 

4. 13709 

36.8207 

39.3955 

181.515 

781.423 

J-T/LIO 

322.023 

7.1 

0 

0 

TIME*  200 

H-E  1 

H-E  2 

H-E  3 

H-E  A 

H-E  S 

317.712 

321 .689 

321 .511 

322. 

334.536 

321 .939 
317.712 
321.689 
321.51  1 

322. 

322.023 

314.175 

319.588 

305.152 

321 .828 

321.562 

319.588 

321.938 

321.828 

322.125 

T-L  1 

T-L  2 

T-L  3 

322.023 

321 .944 

322. 

322.004 

321 .949 

322 

322 

322 

322 

-5.591 19  E-5 
8.24565  E-4 
0 

T-A  1 

T-A  2 

286.844 

268.557 

>•9188 

4.13709 

79.3834 

72.8156 

349.722 

1157.96 

J-T/LIO 

322.023 

7.1 

0 

0 

Figure  111.  Heading  Printout  and  Sample  Data  for  ARPAl  (Continued) 
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TIME*  1200 


H-E 

1 

312.066 

321 .085 

321.852 

316.161 

H-E 

2 

317.243 

312.066 

309.229 

314.701 

H-E 

3 

319.103 

317.243 

314.701 

320.22 

H-E 

4 

321.97 

319.103 

303.986 

320.985 

H-E 

5 

335. 

321.97 

320.985 

323.051 

T-L 

1 

321  .B2 

321 .952 

322 

6.28504  E-4 

T-L 

2 

318.141 

318.202 

322 

6.16998  E-2 

T-L 

3 

321.997 

321 .999 

322 

2.72323  E-4 

T-A 

1 

283.715 

1.92895 

79.31 1 

349.066 

T-A 

2 

268.556 

4.1371 

72.8155 

1157.96 

J-T/LIO 

321 .852 

7.1 

0 

0 

TIME 

*  2200 

H-E 

1 

307.482 

320.183 

32) .465 

311.712 

H-E 

2 

312. 572 

307.482 

304.761 

310.068 

H-E 

3 

316.833 

312.572 

310.068 

317.937 

H-E 

4 

321 .883 

316.833 

302.434 

320.189 

H-E 

5 

335. 

321 .883 

320.189 

323.91 

T-L 

1 

321.419 

321.715 

322 

3.77279  E-3 

T-L 

2 

313.461 

313.522 

322 

0.137723 

T-L 

3 

321.986 

321 .995 

322 

2.3181  E-3 

T-A 

1 

279.386 

! .94326 

79.2092 

348.169 

T-A 

2 

268.547 

4.1371 7 

72.8151 

1 157.94 

J-T/LIO 

321.465 

7.1 

0 

0 

TIME 

*  3200 

H-E 

1 

303.245 

319.21 1 

320.941 

307.764 

H-E 

2 

308.068 

303.245 

300.715 

305.687 

H-E 

3 

314.665 

308.068 

305.687 

315.68) 

H-E 

4 

321.745 

314.665 

300.897 

319.422 

H-E 

5 

335 

321 .745 

319.422 

324.703 

T-L 

1 

320.881 

321.318 

322 

9.02759  E-3 

T-L 

2 

308.907 

308.965 

322 

0.21 1757 

T-L 

3 

321.964 

321 .983 

322 

0.007699 

T-A 

1 

275. 1 5 

1 .95756 

79.1075 

347.276 

T-A 

2 

268.529 

4.1373 

72.8143 

1157.92 

J-T/LIO 

320.941 

7.1 

0 

0 

TIME*  4200 

H-E 

1 

299.285 

318.166 

320.292 

304.079 

H-E 

2 

303.822 

299.285 

296.922 

301 .574 

H-E 

3 

312.589 

303.822 

301 .574 

313.516 

H-E 

4 

321 .562 

312.589 

299-415 

318.677 

H-E 

5 

335 

321 .562 

318-677 

325.437 

T-L 

1 

320.221 

320.781 

322 

1 .61262  E-2 

T-L 

2 

304.603 

304.658 

322 

0.281724 

T-L 

3 

321 .929 

321 .96 

322 

1 .76758  E-2 

T-A 

1 

271.145 

1.97142 

79.0095 

346.416 

T-A 

2 

268.5 

4.1 3752 

72.8131 

1 1 57.88 

J-T/LIO 

320.292 

7.1 

0 

0 

Figure  111.  Heading  Printout  and  Sample  Data  for  ARPAl  (Continued) 
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SAMPLE  PRINTOUT  --  ARPA2 


Figure  112  is  a  reproduction  of  data  taken  near  the  end  of  the  transient 
cooldown  run. 

At  this  point  (Time  =  314,710  seconds)  the  point  of  liquefication  is  just 
r>eing  reached,  and  the  Joule -Thomson  valve  flow  control  is  at  the  point  of 
switching  to  normal  (uncontrolled  flow).  A  time  step  of  0.  1  second  is  being 
used,  and  printout  occurs  at  intervals  of  120  steps  (12  seconds). 

PROGRAM  L1STNGS 

ARPAl  PROGRAM 


Figure  113  is  a  complete  listing  of  the  ARPAl  model  pr  ogram. 
ARPA2 PROGRAM 


Figure  114  co-tains  a  portion  of  the  listing  for  the  ARPA2  model  program. 
This  portion  conttuis  the  specification  of  initial  conditions.  The  remainder 
of  the  program  is  identical  to  the  ARPAl  listing  in  Figure  1 13. 


ARPA  TRANSIENT  REFRIGERATOR  MODEL 
ARBITRARY  START  CARPA2) 


TIME*  314710 


H-E 

1 

H-E 

2 

H-E 

3 

H-E 

4 

H-E 

5 

T-L 

1 

T-L 

2 

T-L 

3 

T-A 

1 

T-A 

2 

J-T/LIQ 

TIME 

*  314722 

H-E 

1 

H-E 

2 

H-E 

3 

H-E 

4 

H-E 

5 

T-L 

, 

T-L 

2 

T-L 

3 

T-A 

1 

T-A 

2 

J-T/LIQ 

TIME*  314733 

H-E 

1 

H-E 

2 

H-E 

3 

H-E 

4 

H-E 

5 

T-L 

1 

T-L 

2 

T-L 

3 

T-A 

1 

T-A 

2 

J-T/LIQ 

13.8483 

6.25855 

4.41877 

16.9121 

13.8483 

13.7232 

108.541 

16.9121 

14.6882 

125.214 

108.541 

106.46 

335 

125.214 

119.162 

4.41793 

4.4943 

322 

17.0205 

17.2073 

322 

129.49 

130.597 

322 

13.7763 

8.3456 

50.306 

105.635 

6.52385 

61 .091 7 

4.41877 

3.55 

0 

13.8465 

6.24631 

4.4 

16.9106 

13.8465 

13.721 7 

108.535 

16.9106 

14.6864 

125.207 

108. 535 

106.454 

335 

125.207 

119.156 

4.4 

4.49077 

322 

17.019 

17.206 

322 

129.483 

130.59 

322 

13.775 

8.34598 

50.3049 

105.628 

6.52404 

61.0909 

4.4 

3.54078 

2.49769  E-3 

13.8473 

6.24704 

4.4 

16.92 

13.8473 

13.726 

108.529 

16.92 

14.6879 

125.201 

108.529 

106.449 

335 

125.201 

119.149 

4.4 

4.48819 

322 

17.0266 

17.2107 

322 

129.476 

130.583 

322 

13.7812 

8.34413 

50.3102 

105.623 

6.52421 

61 .0902 

4.4 

3.5406 

8.25501  E-3 

13.5984 

14.6882 

106.913 

119.162 

331.757 

4.20006 

4.95133 

84.3446 

140.44 

815.096 

0 


13.5959 

14.6864 

106.907 

119.156 

311.757 

4.2001 1 
4.95135 
84.3476 

140.434 
81 5.076 

7.14274  E-4 


13.5955 

14.6879 

106.903 

119.149 

331.756 

4.20014 

4.95127 

84.3507 

1 40.464 
815.057 

8.74099  E-2 


Figure  112.  Transient  Cooldown  Sample  Data  for  ARPA2 


TIME*  314745 


H-E  1 

13.8519 

6.24793 

4.4 

13.5966 

H-E  2 

16.9295 

13.8519 

13.701 7 

14.6935 

H-E  3 

108.523 

16.9295 

14.6  >35 

106.899 

H-E  4 

125.194 

108.523 

1 06 . 4  ^5 

119.143 

H-E  5 

335 

125.194 

119.143 

331.756 

T-L  1 

4.4 

4.48648 

322 

4.20016 

T-L  2 

17.036 

17.2197 

322 

4.951  13 

T-L  3 

129.469 

130.576 

322 

84.3537 

T-A  1 

13.7888 

8.34183 

50.3168 

140.5 

T-A  2 

105.617 

6.52438 

61  .0895 

815.038 

J-T/LIO 

4.4 

3.S4C35 

9.36468  E-3 

0.193739 

TIME*  314757 

H-E  1 

13.8578 

6.248S4 

4.4 

13.5993 

H-E  2 

16.9389 

13.8578 

13.7378 

14.7004 

H-E  3 

108.518 

16.9389 

14.7004 

106.896 

H-E  4 

125.188 

108.518 

106.44 

119.136 

H-E  5 

335 

125.188 

119.136 

331.755 

T-L  1 

4.4 

4.48535 

322 

4  20018 

T-L  2 

17.0454 

17.2291 

322 

4.95097 

T-L  3 

129.462 

130.57 

322 

84.3567 

T-.\  1 

13.7965 

8.33953 

50.3234 

140.537 

T-A  2 

105.611 

6.52455 

61.0888 

815.019 

J-T/LIO 

4.4 

3.54017 

1 .00148  E-2 

0.31042 

TIME*  314769 

H-E  I 

13.8641 

6.24897 

4.4 

13.6032 

H-E  2 

16.9478 

13.8641 

13. 7442 

14.7075 

H-E  3 

108.512 

16.9478 

14.7075 

106.892 

H-E  4 

125. 181 

108.512 

106.436 

119.13 

H-E  5 

335 

125.181 

119.13 

331 .755 

T-L  I 

4.4 

4.48461 

322 

4.20019 

T-L  2 

17.0545 

1 7.23S2 

322 

4.95082 

T-L  3 

129.456 

130.563 

322 

84.3597 

T-A  I 

1 3.8039 

8.33732 

50.3297 

1 40.573 

T-A  2 

105.606 

6.52473 

61 .0881 

815. 

J-T/LIO 

4.4 

3.54005 

1.03591  E-? 

0.432927 

TIME*  314780 

H-E  1 

13.8704 

6.24927 

4.4 

13.6079 

H-E  2 

16.9562 

13.8704 

13.7504 

14.7147 

H-E  3 

108.506 

16.9562 

14.7147 

106.888 

H-E  4 

125.175 

108*506 

106.431 

119.124 

H-E  5 

335 

125.175 

119.124 

331.754 

T-L  1 

4.4 

4.48412 

322 

4.2002 

T-L  2 

17.063 

17.2468 

322 

4.95068 

T-L  3 

129.449 

130.556 

322 

84.3628 

T-A  1 

13.8108 

8.33524 

50.3357 

140.606 

T-A  2 

105.6 

6.5249 

61 .0874 

814.981 

J-T/LIO 

4.4 

3.53997 

1.05038  E-2 

0.556272 

Figure  112.  Transient  Cooldown  Sample  Data  for  ARPA2  (Continued' 
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TIME=  314792 


H-E 

1 

13.8766 

6.24949 

4.4 

13.613 

H-E 

2 

16.9638 

13.8766 

13.7564 

14.7215 

H-E 

3 

108.5 

16.9638 

14.7215 

106.885 

H-E 

4 

125.168 

108.5 

106.427 

119.117 

H-E 

5 

335 

125.168 

119.117 

331.754 

T-L 

1 

4.4 

4.48379 

322 

4.2002 

T-L 

2 

17.0708 

17.2548 

322 

4.95055 

T-L 

3 

129.442 

130.549 

322 

84.3658 

T-A 

1 

13.8171 

8.33334 

50.3412 

140.637 

T-A 

2 

105.594 

6.52507 

61.0867 

814.962 

J-T/1IQ 

4.4 

3.5399 

0.01052 

0.684515 

TIME= 

:  314804 

H-E 

1 

13.8824 

6.24966 

4.4 

13.6184 

H-E 

2 

16.9708 

13.8824 

13.7621 

14.7279 

H-E 

3 

108.494 

16.9708 

14.7279 

106.881 

H-E 

4 

125.162 

108.494 

106.422 

119.111 

H-E 

5 

335 

125.162 

1  1  9  •  1  i  1 

331.753 

T-L 

1 

4.4 

4.48358 

322 

4.2002 

T-L 

2 

17.0779 

17.2622 

322 

4.95044 

T-L 

3 

129.435 

130.542 

322 

84.3688 

T-A 

1 

13.8229 

8.3316 

50.3461 

140.664 

T-A 

2 

105.589 

6.52524 

61 .0859 

814.943 

J-T/LIQ 

4.4 

3.53986 

0.010456 

0.810428 

Figure  112.  Transient  Cooldown  Sample  Data  for  ARPA2  (continued) 
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60010  PRINT  "ARPA  TRANSIENT  REFRIGERAT0R  MODEL" 

00020  PRINT  "AMBIENT  START  (ARPA1 >" 

00030  PRINT 
00040  PRINT 

00050  READ  N1*N2»N3*N4 

00060  READ  T0#U1 

00070  READ  N5 

00000  IF  N5=0  THEN  190 

00090  PRINT  "HEAT  EXCHANGERS  --**  N1 

00100  PRINT  "THERMAL  LOADS  — "  N2 

00110  PRINT  "TURBO- ALTERNATORS  — "  N3 

00120  IF  N4=0  THEN  140 

00130  PRINT  "J-T  VALVE/LiaUEFIER” 

00140  PRINT 

00150  PRINT  "AMBIENT  TEMPERATURE- -"TO"  DEG  K" 

00160  PRINT  "INITIAL  TIME  STEP--"U1"  SECONDS" 

00170  PRINT  "TIME  STEP  ADJUSTED  DETWEEN  0.1  AND  100  SEC  DURING  RUN" 

00180  PRINT 

OC i 90  FOR  1=1  TO  N1 

00200  FOR  J=1  TO  2 

00210  READ  K ( J# I ) 

00220  NEXT  J 

00230  IF  N5*0  THEN  270 

00240  PRINT  "HEAT  EXCHANGER  "I 

00250  PRINT  ”K1="K(1#I>#"K2»"K(2*I> 

00260  PRINT 
00270  NEXT  I 
0C280  FOR  1=1  TO  N2 
00290  FOR  J=3  TO  7 
00300  READ  K(J,I> 

00310  NEXT  J 

00320  IF  N5=0  THEN  370 

00330  PRINT  "THERMAL  LOAD  "I, "TYPE  "K(7#I) 

00340  PRINT  "K3  =  "K <3# I ) » "K4="KC 4#  I )  » "K5»"K ( 5« I > 

00350  PRINT  "K6="K ( 6# I > 

00360  PRINT 
00370  NEXT  I 
00380  FOR  1=1  TO  N3 
00390  FOR  J=8  TO  12 
00400  READ  K(J.I) 

00410  NEXT  J 

00420  IF  N5*0  THEN  470 

00430  PRINT  "TURBO- ALTERNATOR  "I 

00440  PRINT  "K8*"KC  8# I )» "K9="K<  9* I >* "K 1 0  =  "K( 1 0* I > 

00450  PRINT  "K1 1 ="K( 1 1  *  I >*"K1 2=MKC 1 2* I > 

00460  PRINT 

00470  NEXT  I 

00480  IF  N4=0  THEN  560 

OC  490  FOR  J= 1 3  TO  18 

00500  READ  KC J# 1 ) 

00510  NEXT  J 

00520  IF  N5=0  THEN  570 

00530  PRINT  "J-T  VALVE/L IQUEF IER" 


Figure  113.  Complete  Li=tmg  of  AH  PA  1  Program 


00540  PRINT  *'K1  3***K<  1  3#  1  )  /  **K  1  4*MK(  14*1)* '*KI  5="K(  1 5*  1  ) 

00550  PRINT  **K1 6="K<  1 6*  1  )  *  "K1  7=**K(  1 7* 1 ) *MK 1 8  =  "K(  18*1) 

00560  PRINT 
00570  FOR  Z=1  T0  2 

00580  READ  C<  1  * Z)  *  CC2*  Z  j  *C<3»Z>  *CC4*  Z>  *C<5*  Z>,  C(  6*  Z  >,  C<  7*  Z>  *C(8*  Z) 
00  5  90  NEXT  Z 

00600  REM  INITIAL  CONDITIONS 

00610  REM  PRINT  CONTROL 

00620  LET  11=10 

00630  REM  INITIAL  TIME 

00640  LET  U=0 

00650  REM  H-E  TEMP 

00660  FOR  I=l  TO  N1 

00670  FOR  J=1  TO  6 

00680  LET  T<J*I)=TO 

00690  NEXT  J 

00700  NEXT  I 

00710  FOR  1=1  TO  N* 

00720  FOR  J=1  TO  2 
00730  LET  E( J* I )  =  1 688  *10 
00740  NEXT  J 
00750  FOR  J=3  TO  4 
00760  LET  EC  J* I ) = 1 687 <64 
00770  NEXT  J 
00780  NEXT  I 

00790  REM  ADDITIONAL  H-E  IC 

00800  REM  ADDITIONAL  H-E  IC 

00810  REM  ADDITIONAL  H-E  IC 

00820  REM  ADDITIONAL  H-E  IC 

00830  REM  ADDITIONAL  H-E  IC 

00840  REM  ADDITIONAL  H-E  IC 

00850  REM  ADDITIONAL  H-E  IC 

00860  REM  ADDITIONAL  H-E  IC 

00870  REM  ADDITIONAL  H-E  IC 

00880  REM  ADDITIONAL  H-E  IC 

00890  REM  T-L  TEMP  &  Q 

00900  FOR  I=i  TO  N2 

00910  FOR  J=8  TO  10 

00920  LET  TCJ,I)=TO 

00930  NEXT  J 

00940  LET  QCI)=0 

00950  NEXT  I 

00960  LET  1=1 

00970  FOR  J=7  TO  8 

00980  LET  ECJ*I>=1687.64 

00990  NEXT  J 

01000  FOR  1=2  TO  N2 

01010  FOR  J=7  TO  8 

01020  LET  EC  J* I )  =  1 688  •  1  0 

01030  NEXT  J 

01040  NEXT  I 

01050  REM  ADDITIONAL  T-L  IC 
01060  REM  ADDITIONAL  T-L  IC 

Figure  113.  Complete  Listing  of  ARPAl  Program  (Continued) 
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. .  —  -  -in  i-  in  I.  i  Mr 


01070  REM  T-A  TEMP, SPEED, P0WER,TORQUE#MASS  FLOW 

01080  F0R  1=1  T0  N3 

01090  F0R  J=ll  T0  12 

01100  LET  T (  J, I ) =T0 

01 '  *0  NEXT  J 

01120  LET  W<1, I)=0 

01130  LET  P<I)=0 

011-40  NEXT  I 

01150  LET  L<0, 1 >=5.32416 

01160  LET  LC0,2>«23.8292 

01170  LET  M(4,l >=1.92874 

01180  LET  M(4,2>=4. 13709 

01190  REM  ADDITIONAL  T-A  IC 

01200  REM  ADDITIONAL  T-A  IC 

01210  REM  J-T/LIG  TEMP, ENTHALPY, MASS  FL0W 

01220  LET  T( 1 4, 1 )=T0 

01230  LET  T( 1 5, 1)=T0 

01240  LET  M<5, 1 )=7. 1 

01250  LET  M(6, 1  >*7. 1 

01260  LET  MC7, 1 ) =0 

01270  LET  MC8, 1 >=0 

01280  LET  EC2, 1 >»1 688. 10 

01290  LET  E<8, 1 >  =  1 687 .64 

01300  LET  Y0=0 

01310  LET  Y8=0 

01320  REM  ADDITIONAL  J-T/LIQ  IC 

0133C  REM  ADDITIONAL  J-T/LIQ  IC 

01340  REM  CHECK  FOR  CONSISTENT  INTERCONNECTIONS 

01350  GOSUB  4610 

01360  FOR  J=1  TO  2 

01370  FOR  1=1  TO  N1 

01380  LET  N<J, I )»M<J,  I> 

01390  NEXT  I 
01400  NEXT  J 

01410  REM  SPECIFY  RUN  TYPE 
01420  IF  N5=0  THEN  1780 

01430  PRINT  "COOLDOWN  FROM  AMBIENT  TEMPERATURE" 

01440  PRINT  "CONSTANT  PRESSURE  3-8/1.18  ATM" 

01450  IF  N4=0  THEN  1500 
01460  PRINT  "WITH  LIQUEFIER" 

01470  PRINT  "CONTROLLED  J-T  VALVE--M=7 . 1 0  FOR  TEMP  ABOVE  50" 

01480  PRINT  "  --M=3 • 55  FOR  50  TO  6.25" 

01490  PRINT  "  — Nil  CONTROL  BELOW  6.25" 

01500  PRINT 

01510  PRINT 

01520  PRINT 

01530  »RINT 

01540  PRINT 

01550  PRINT 

01560  PRINT  "T I ME --SECONDS" 

01570  PRINT  "T= TEMPERATURE- -DEG  K" 

01580  PRINT  "Q-HEAT  FLOW--WATTS" 

01590  PRINT  "M=MASS  FLOW--GRAMS/SEC" 

Figure  113.  Complete  Listing  of  ARPAl  Program  (Continued) 
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01600  PRINT  "W=SHAFT  SPEED--RPM* 1 000" 

01610  PRINT  "P  “POWER"  "WATTS** 

0162C  PRINT 
01630  PRINT 
01640  PRINT  "TIME" 

01650  PRINT 

01660  PRINT  **H"E'*# **T  1  **# ••T2*'***T3'*» *'T 4“ 

01670  PRINT 

0 1 680  PRINT  **T"L”#  "T8"#  "T9***  **T10*'**'G" 

01690  PRINT 

01700  PRINT  "T-A"#  **T  1  2'**  "M4"»  "W”* **P" 

01710  PRINT 

01720  IF  N4«0  THEN  1750 

01730  PRINT  "J-T/L 1 0'**  *'T  1  4*'# "MS*** "M7M#  "M8** 

01740  PRINT 
01750  PRINT 
01760  PRINT 
01770  PRINT 

01780  IF  1 1 < 1 0  THEN  1980 
01790  REM  PRINT  PRESENT  STATE 
1800  PRINT  **TIME  =  **U 
b'SlO  PRINT 
0.820  FOR  I“1  TO  N1 

01830  PRINT  "H-E  **I »  T  C 1  *  I)  *  T  (  2*  I  )  #  T  C  3*  I  >  #  TC  4,  I  ) 

01040  NEXT  I 

01850  PRINT 

01860  FOR  1=1  TO  N2 

01870  PRINT  "T-L  "I * T< 8# i ) * TC 9# I ) > TC 1 0# I ) * 0 C I ) 

01880  NEXT  I 

01890  PRINT 

01900  FOR  1=1  TO  N3 

01910  PRINT  "T-A  *’I  *  T  C  1  2*  I  >  * MC 4*  I  >*  W C  1  *  I  > #  P <  I  > 

01920  NEXT  I 
01930  PRINT 

01940  IF  N4=0  THEN  1970 

01951  PRINT  •'J-T/LIG'STC  14,  1  >*M<5*  I  >*MC7,  1  ),MC8*  1  ) 
01960  PRINT 
01970  LET  11=0 

01980  REM  HEAT  EXCHANGER  CALCULATION 
01990  G0SUB  2140 

02000  REM  THERMAL  LOAD  CALCULATION 
02010  GO  SUB  2800 

02020  REM  TURBO-ALTERNATOR  CALCULATION 

02030  GOSUB  3470 

02040  IF  N4=0  THEN  2090 

02050  REM  J-T  VALVE  CALCULATION 

02060  GOSUB  3620 

02070  REM  LIQUID  ACCUMULATOR  CALCULATION 
02080  GOSUB  3900 

02090  REM  MISCELLANEOUS  TIME  FUNCTIONS 
02100  GOSUB  4400 
02110  REM  INTERCONNECTIONS 
02120  UUSUF  4610 

Figure  113.  Complete  Listing  of  ARPAl  Program  (Continued) 
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02130 

02140 

02150 

02160 

02170 

02180 

02190 

C2200 

02210 

02220 

02230 

02240 

02250 

02260 

02270 

02280 

02290 

02300 

02310 

02320 

02330 

02340 

02350 

02360 

02370 

02380 

02390 

02400 

02410 

02420 

02430 

02440 

02450 

02460 

02470 

02480 

02490 

02503 

02510 

02520 

02530 

02540 

02550 


G0  T0  1780 

REM  HEAT  EXCHANGER  SUBROUTINE 

FOR  1=1  TO  N 1 

IF  MC2# I  >®0  THEN  2610 

FOR  J= 1  TO  2 

LET  Z=1 

GOSUB  4250 

NEXT  J 

FOR  J«3  TO  4 
LET  Z“2 
GOSUB  4250 
NEXT  J 

IF  ABSCTCXI)-TC2,I)X.01  THEN  2280 
IF  ABS  :E<  It  I  )-EC2>  I  )  X.Ol  THEN  2280 

LET  NC1,I>=MC1#I>*CCEC1#I>-EC2#I))/CTCW I)-TC2, I>  >/5.2 
IF  ABSCTC4,  IXTC3*  I)  X.Ol  THEN  2310 
IF  ABSCEC4,  IXEC3#  I)  X.Ol  THEN  2310 

LET  NC2* I >=MC2# I )*( <E<4, I) -EC 3# I ))/<  rC4# I )-T(3# I ) ) )/5.2 
IF  ABSCNC2# I ) -NCI # I ) ) < .001  THEN  2430 
IF  NC2# I ) >NC 1 # I )  THEN  2380 
LET  A«KC1,I)*C1/NC2,I)-1/NC !,!>> 

LET  B=1-CNC2#I)/NC1# I))*EXPC“A) 

LET  C*I+(NC2,I)/N(I,I)) 

LET  D=XCNC2#  I)/NC  X  I  >> 

GO  TO  2450 

LET  AsKCl#I)*(l/N(2,I)-l/N(l#I>> 

LET  B=1-CNC  1#  I  >/NC2#  I  )  XEXPCA) 

LET  C"1+(NC1#I)/N(2#I)) 

LET  D*1-CNC 1# I )/NC2# I ) ) 

GO  TO  2500 

LET  A=KC 1 # I ) /NC 1 # I ) 

GO  TO  2550 

LET  F<2# I )=CD*T  C 1 »  I XC 1 -EXP(-A) )*CC-1 XTC3#I))/B 
LET  FC  4# I  >  c  C  C 1-EXPC-A) )*TC 1# IXD+EXPC -A >*T (3# I)  )/B 
LET  FC5#I)  =  CC1-.5*C*EXPC-A))*TCI#IX  .5*D*EXPC  -  A)  +  TC3#  I))/B 
G0T'f0^265O*^  *5*D+T<  1  *  1  )  +  <  •S+C-CC-l  XEXPC-A)  )*TC3#I))/B 

LET  FC2# I)=CD*EXPCA)*TC 1 # IXC 1 -EXP (A) )*TC3# I ) )/B 
LET  FC4#I)«CC1-EXPCA))*CC-1 ) *T C 1 # I ) +D*T C 3# I ) ) /B 
LET  FC5.  I  >  =  C  c  .  5*C-  CC-  1  XEXPC  A)  XTC  1  *  IX. 5*D*T ( 3/  I  )  )/B 

r<6# 1 )s<  «5*D*EXPC A >*TC \, 1 XC  1  -  .5*C*EXPCA)  XTC3#  I)  )/B 
GO  TO  2650 

LET  B= 1 ♦A 


02560  LET  FC2#I)=CTC  1#IXA*TC3#I))/B 

02570  LET  FC 4# I )= C A*T< 1 # I ) +  TC 3# I ) ) /B 

02580  LET  FC5#I)  =  CC»5+A)*TC1#IX.5*TC3#I))/B 

02590  LET  F C6#  I  X  C  .  5*T C  1 1  I  ) ♦  C  .  5+A)  *T (3/  I  )  ) /B 

02600  GO  TO  2650 

02610  FOR  J=2  TO  6 

02620  LET  FCJ#IXTC1#I> 

02630  NEXT  J 

02640  GO  TO  2650 

02650  LET  FC 1 # I >  =  TC 1 ,  I  ) 


Figure  113.  Complete  Listing  of  ARPAl  Program  (Continued) 
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02660  LET  F<3*  I >*T<3# I ) 

02670  LET  H(1*I)*0 
02680  LET  H<3*I>*n 
02690  LET  H<2»I)=K<2# I)*T0/TC6#  I> 

02700  LET  H(4#I)=K(2# I)*T0/T<5#  I> 

02710  LET  H<S# I )=H( 4# 1 > 

02720  LET  H<6# I )=H<2» 1 ) 

02730  NEXT  I 
02740  FOR  1*1  T0  N1 
02750  FOR  J=1  TO  6 

02760  LET  T< J# I >=T< J, 1 ) -MJ1 *H< J# 1 )*(F< J* 1 ) -T< J* 1 ) > 
02770  NEXT  J 
02780  NEXT  l 
02790  RETURN 

02800  REM  THERMAL  LOAD  SUBROUTINE 

02810  FOR  1*1  T0  N2 

02820  IF  1=1  THEN  2880 

02830  FOR  J=7  TO  8 

02840  LET  Z*1 

02850  60SUB  4250 

02860  NEXT  J 

02870  GO  TO  2920 

02880  FOR  J=7  T0  8 

02890  LET  Z*2 

02900  GOSUB  4250 

02910  NEXT  J 

02920  IF  T<8, I)-T<7,  I )<.01  THEN  2940 

02930  LET  K<5, I )*<E<8# I ) -Ci t, I ) > /CT( 8* I >-TC 7, I ) ) 

02940  IF  TC7* I ) *K< 1 5# 1 )  THEN  2960 
02950  GO  TO  3270 

02960  LET  A=K<3* I)/(M(3«I)*K(5»I)> 

02970  LET  B*EXP<-A> 

02980  LET  C*l-B 

02990  LET  D=M(3# I >*K< 5# I )*C 

03000  LET  E*KC6, I)/D 

03010  IF  K(7* I ) =0  THEN  3210 

C3020  IF  *U7*I>*1  THEN  3150 

03030  LET  El*E*T<10#I)t4-E*F(9#I)t4+T<7,I)-F(9#I) 

03040  LET  E2=1+4*E*F<9# I) *3 

03050  LET  X*FC9#  D+E1/E2 

03060  IF  ABS(X-F<9# I ) ) < 1 E-5  THEN  3090 

03070  LET  F(9» I )*X 

03080  GO  TO  3030 

03090  LET  F(9» I )*X 

03100  LET  H(9»I)*Kt4»  I)*D*T0/T(9»I> 

03110  LET  T<9» I )=T(9# I)*U1*H<9# I)*(F(9# I )-T( 9# I )) 

03120  LET  T<8#I)=TC7,  I >*B+T< 9# I >*C 

03130  LET  t(I>=K(6»I>*<T(IO» I > »4-T<9# I > »4> 

03140  GO  TO  3450 

03150  LET  FC9»I)=<K<6#I)*T<10/I)+D*T(7,I))/(K(6#I)+D) 
03160  LET  HC9»  I)  =  (K<6#  I)*L)>*K<4#  I)*T0/T<9#  I) 

03170  LET  T(9»I)=T<9»I)+U1*HC9*I)*(F(9#I)-T(9#I)) 
03180  LET  T<8#I>=T<7#I)*B+T<9#I)*C 
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03190 

03200 

03210 

03220 

03230 

03240 

03250 

03260 

03270 

03280 

03290 

03300 

033  1  0 

03320 

03330 

03340 

03350 

03360 

03370 

03380 

03390 

03400 

03410 

03  420 

03430 

03440 

03450 

03460 

03470 

03480 

03490 

03500 

03510 

03520 

03530 

03540 

03550 

03560 

03570 

03580 

03590 

03600 

03610 

03620 

03630 

03640 

03650 

03660 

03670 

03  '.80 

03690 

03700 

037  10 


LET  9CI>=KC6#I>*CTC10#I>“TC9#1>> 

GO  TO  3450 

LET  F  C9# I>=TC7#I)+QCI) /D 
LET  HC9#  I >  =  D*KC  4# I>*T0/T(9#I> 

LET  TC9#I>  =  TC9#I>  +  U1*HC*>#I>*CFC9#I>-TC9#I>> 

LET  TC8#I>=TC7#I)*B+TC9#I>*C 
LET  TC10#I>=TC9#I>+QCI)/KC6#I> 

GO  TO  3450 

LET  Y8=Y7-KC3#I>*CTC9# I > -K C 1 5# 1 >  >/CMC 3# I >*CEC 7# I >-KC 1 7# 1 > > > 

IF  YC«C  THEN  3300 
GO  TO  3410 

LET  Z1=MC3# I>*CEC7# I>-KC 17# 1  >  >*Y7/CKC3# I >*CTC9# I >-KC 1 5#  1))) 
LET  A=KC3# I)*C 1-Z1  >/CMC 3# I >*KC 5# I ) ) 

LET  B=EXPC-A> 

LET  C=MC3# I>*KC5# I>*CTC9# I>-KC 15# 1>>*C1-B> 

LET  X=KC4#I>*CKC6#I>*CTC 10# I > -TC 9# I > > > 

LET  D=X-KC4#I)*CKC3#  I >*Z 1  * CTC 9# I > -KC 1 5# 1 > >  +  C> 

LET  TC9# I>=TC9# I >+D*Ul *TO/TC 9# !  ) 

LET  TC8#I>=TC9#I>-CTC9#I>-KC15# 1>>*B 
LET  QCI>=KC6#I)*CTC10# I >-TC9#I>> 

LET  Y8=0 
GO  TO  3450 

LET  A=KC4# I>*CKC6# I )* CTC 10# I >-TC 9# I ) ) -KC3# I >*CTC 9# I > -K< 1 5# 1 > ) > 
LET  TC9#  I>=TC9#  I>+A*U1*T0/TC9#  I) 

LET  T (3# I ) =KC 1 5# 1 ) 

LET  QCI>=KC6#I>*CTC 10# I>-TC9#I>> 

NEXT  I 
RETURN 

REM  TURBO-ALTERNATOR  SUBROUTINE 
FOR  1=1  TO  N3 

LET  M(4#I>aK(8#I)/SQR(T(l 1#I>) 

LET  WC0#I)=KC9#I)*SQRCTC11#I>> 

LET  LC1# I  >*LCO# I)*C1-WC 1#I)/W(0# I)) 

IF  U<100  THEN  3550 

LET  W< 1# I ) =WC0# I >*LCO# I )/CK( 10# I >*WCO# I>+L(0# I)) 

GO  TO  3580 

LET  LC2# I >=KC 10# I )*WC 1 # I > 

LET  LC3#I>*KC12#I)*CLC1#I)-LC2#I>> 

LET  W(l#n  =  W(l#I)+Ul*L<3#I) 

LET  PC  I>=LC 1# I )*WC 1 # I ) 

LET  T(12#I)=T(11#I)-K(11#I>*P(I>/M(4#I> 

NEXT  I 
RETURN 

REM  J-T  VALVE  SUBROUTINE 
IF  TC  1  3#  1  )>6 . 25  THE'J  3660 
LET  HC5# 1 )=KC 18# 1 )/SQRCTC 13# 1 >) 

GO  TO  3710 

IF  TC 13# 1 ><K( 13# 1 )  THEN  3700 
IF  MC5# i )<KC 1 4# 1 )  THEN  3700 
LET  MC5# 1 ) =K C 1 4# 1) 

GO  TO  3710 

LET  MC 5  i ) =K C 1 4# 1 )/2 
LET  1=1 
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03720  LET  J  =  13 
03730  LET  Z=2 
03740  G0SUB  4320 

03750  IF  F<13, 1)>K<15,1)  THEN  3860 
03760  LET  T<1 5, 1 )=K< 1 5/ 1) 

03770  LET  1=1 
03780  LET  J=15 
03790  LET  Z=2 
03800  G0SUB  4250 

03810  LET  Y0=(  E(  15,1)*E(13,1>>/<E<15,1>-K<17,1)) 

03820  IF  Y0> 1  THEN  3840 

03830  G0  T0  3890 

03840  LET  Y0=1 

03850  G0  T0  3890 

03860  LET  T< 1 5/ 1 ) =F< 1 3* 1 > 

03870  LET  E( 1 5, 1 >=E< 13>l) 

03880  LET  Y0=0 
03890  RETURN 

03900  REM  LIQUID  ACCUMULATOR  SUBROUTINE 

03910  LET  1=1 

03920  LET  J=18 

C3930  LET  Z=2 

03940  G0SUB  4250 

03950  IF  Y 1 >0  THEN  4080 

03960  IF  M<8, 1 ) >0  THEN  4010 

03970  LET  TC 1 4, 1 )=T< 18, 1 > 

03980  LET  E< 1  4, 1 >  =  E< 1 8* 1 ) 

03990  LET  Y=0 

04000  G0  T0  4140 

04010  LET  T( 14, 1 >=K<1 5, 1 > 

04020  LET  1=1 
04030  LET  J=14 
04040  LET  Z=2 
04050  G0SUB  4250 

04060  LET  Y=CE< 18, 1 )-E< 14 > i > >/<K( 17, ! >-E( 14, 1 > > 

04070  G0  T0  4140 

04080  LET  T( 1 4, 1 )=K< 1 5, 1 > 

04090  LET  1=1 

04100  LET  J= 1 4 

041 10  LET  Z=2 

04120  G0SUB  4250 

04130  LET  Y=Y1 

04140  LET  M( 7, 1 ) =Y*M<  9,1) 

04150  LET  M<6, 1 )=M<9, 1)-MC7, 1 ) 

04160  LET  M(8,l )=M<8,1  )+M<  7, 1 )*U1 
04170  IF  M(8,l)<0  THEN  4190 
04180  G0  T0  4240 
04190  LET  T< 14, 1 >=T< 18, 1 > 

04200  LET  E<14, 1 )=E< 18, 1 ) 

04210  LET  M( 6, 1 ) =M< 9, 1 ) 

04220  LET  M<7,1)=0 
04230  LET  M(8,l)=0 
04240  RETURN 

Figure  113.  Complete  Listing  of  AllPAl  Program  (Continued) 
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04250  REM  TEMP  T0  ENTHALPY  SUBROUTINE 
04260  IF  T< J» I ) <C( 5*  Z>  THEN  4300 

04270  LET  V=< CC(4# Z )/C< 3* Z ) ) t 2 )*C CTC J» I ) -CC 1 « Z > > »2> -CC A, Z ) t 2 
04280  LET  E< J* I >=C<2*Z)+C C 8* Z ) +SQR( V> 

04290  60  T0  4310 

04300  LET  E(J»I)*C(7#Z)*(T(J#I)“CC6*Z)> 

04310  RETURN 

04320  REM  ENTHALPY  T0  TEMP  SUBROUTINE 

04330  IF  E(J»I)<C<7»Z)*(C(5*Z)-CC6#Z)>  THEN  4380 

04340  LET  E3=E(J#I)-C(8*Z) 

04350  LET  V=C<3#Z ) »2+ ( < E3-C C 2, Z ) ) t 2) /( <C< At Z ) /CC3# Z) > »2> 
04360  LET  F(J*I)=C(1*Z)+SQR(V> 

04370  G0  T0  4390 

04380  LET  F ( Jt I ) =C<6* Z) *£< Jt I ) /C C 7 , Z ) 

04390  RETURN 

04400  REM  MISCELLANEOUS  TIME  FUNCTION  SUBROUTINE 
04410  LET  U=U+U1 
04420  LET  1 1 = I i ♦ 1 

04430  LET  TC 1* 5>=T0+13*<  1  -EXP(-U/60> ) 

01440  IF  T(!»l)>15  THEN  4470 

04450  LET  U1 =2 

04460  G0  T0  4600 

04470  IF  T< 1 j 1 ) >60  THEN  4500 

04480  LET  Ul=10 

04490  G0  T0  4600 

04500  IF  T(l#l)>120  THEN  4530 

04510  LET  U 1 =20 

04520  G0  T0  4600 

04530  IF  U< 100  THEN  4560 

04540  LET  Ul=100 

04550  G0  T0  4600 

04560  IF  U«  10  THEN  4590 

04570  LET  Ul =10 

04580  G0  T0  460C 

04590  LET  Ul=l 

04600  RETURN 

04610  REM  INTERCONNECTION  SUBROUTINE 
04620  REM  MASS  FLOW  RELATIONS 
04630  LET  MU,1)=M(5,1) 

04640  LET  MCI #  2)=M<5# 1 ) 

04650  LET  MC  1 »  3)=M(5»  1  >♦.*!( 4#  1  ) 

04660  LET  MC 1#4)=M<5, 1 )+M(4» 1 ) 

04670  LET  MC 1  * 5 >=MC 5, 1 ) +MC At  1 ) +MC A* 2 ) 

04680  LET  MC2# 1 )=MC6# 1 > 

04690  LET  MC2#2)=MC6# 1 )+MC4» 1 > 

04700  LET  MC2»3)=MC6# 1>+MC4, 1 > 

04710  LET  MC2#4)=MC6# 1 ) +MC  4* 1 J+MC4/2) 

04720  LET  MC 2/ 5) «MC6* 1 )+M( A, 1 > +  MC 4# 2) 

04730  LET  MC3# 1 )=MC5, I > 

04740  LET  MC3#2)=MC4,  1  ) 

04750  LET  MC3#3)=MC4,  2) 

04760  LET  MC V# 1 )=MC 5# 1 ) 

04770  REM  TEMPERATURE  RELATIONS 

!•  igure  113.  Complete  Listing  of  ARPAl  Program  (Continued) 
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04780 
74790 
04800 
04810 
04820 
04830 
04840 
04850 
04860 
04870 
04880 
04890 
04900 
04910 
04920 
04930 
04940 
04950 
04960 
04970 
04980 
04990 
05000 
05010 
05020 
05030 
05040 
05050 
05060 
05070 
05080 
0  5090 
05100 
05110 
05120 
05130 
05140 
05150 
05160 
05170 
05180 
05190 
0  5200 
05210 
0  5220 
05230 
05240 
05250 
05260 
05270 
05280 
05290 
05300 


LET  TC  1*  1 )=TC2#2> 

LET  TC 1 #  2) =TC  2*  3) 

LET  TC 1 #  3)=TC2*  4) 

LET  TCI#  4 )  =  T C  2#  5) 

LET  TC3* 1 ) =TC 1 4# 1 ) 

LET  TC3#2)=CMC2*  1 )*TC4# 1 )+MC4*  1  )*TC 12* 1 > > /CMC 2# 1 )+MC4# 1 ) ) 

LET  T C 3# 3) =T C 4# 2) 

LET  TCJ#4)=CM<2#3)*TC4#3>*MC4#2)*TC 12#2)>/CMC2*3)+MC4#2)> 

LET  TC  3#  5) *TC  4#  4) 

LET  TC  7#  1 )=T < 1 5* I ) 

LET  TC7  #2)  =  TC  2#  3) 

LET  TC7*3)=TC2*5) 

LET  T« 1 1* 1 )=TCB#2) 

LET  TCI 1 #  2)=TC8#  3) 

LET  T( 13# 1 )=TC2# 1 ) 

LET  TC 1 8# 1 ) =TC  8# 1 ) 

REM  ENTHALPY  RELATIONS 
LET  EC  13# 1 )=EC2# 1 ) 

LET  EC  18# 1 )=EC8#  1  ) 

REM  LIAUID  FRACTION  RELATIONS 
LET  Y7=Y0 
LET  Y 1 *Y8 
RETURN 

DIM  KC20#  30) 

DIM  TC20# 10) 

DIM  EC 20# 10) 

DIM  FC20# 10) 

DIM  HC20# 10) 

REM  NUMBER  OF  H-E#T-L*T-A# J-T/LIO 
DATA  5#  3#  2#  1 

REM  AMB  CENT  TEMP#  TIME  STEP 
DATA  322# 1 

REM  N5= 1  FOR  HEADINGS#  =0  FOR  DATA  ONLY 
DATA  1 

REM  K1#K2  FOR  EACH  HEAT  EXCHANGER 

DATA  46.5251# .00166371 

DATA  15  9946# .00589669 

DATA  560.522#  .00186335 

DATA  64.8278# .000158718 

DATA  1 1 60.98# .0000757461 

REM  K3#K4#K5#K6#K7  FOR  EACH  THERMAL  LOAD 

DATA  50  j  5# .00000952672*5.19# .0132283# 1 

DATA  20*9395# .000549081*5.19# .0162449# 1 

DATA  53-5899# .00000374264*5.19# .440665, 1 

REM  K8#h9#K10#Kl 1#K12  FOR  EACH  TURBO- ALTERNATOR 

DATA  34. 4306#  25.6356*0*0554947# .  1  92789# .900987 

DATA  74.2374# 12.1989# .218396# .190937# .228942 

REM  K13#K14#K15*K16#K17#K18  FOR  J-T  VALVE/LIQUEFIER 

DATA  50 *7.1*4. 4*0*10.96 #8* 8494 

REM  C 1  *  C 2#C3#C4#C5#C6#C7#C8  FOR  EACH  T-H  FUNCTION 

DATA  .8 ''4227*  21 .5304*5.22598*27. 1228*6.1*5.49738*40.5405*0 

DATA  2. (  853#  18.9017*2.18996*11 .3746*4.3*3.5202*35.6099*7.1523 

END 


Figure  113.  Complete  Listing  of  ARPA1  Program  (Continued) 
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00540  PRINT  "K1  3**'K(  1  3,  1  5  ,  *'K  1 4="K(  14#  1 5 , MK 1 5=MK< 1 5, 1 5 
00550  PRINT  MK 1  6  =  MK(  1 6,  1  5  ,  MK1  7=,,K(  1  7,  1  5  ,  MK 1 8*"K(  1 8,  1  5 
00560  PRINT 
00570  FOR  Z=1  T0  2 

00580  READ  C(1,Z5,C(2,Z5,C(3,Z5,C(4,Z5,C(5,Z5,C(6,Z5,C(7,Z5,C(B,Z5 
00590  NEXT  Z 

00600  REM  INITIAL  CONDITIONS 
00610  REM  PRINT  CONTROL 
00620  LET  1 1  * i 20 
00630  REM  INITIAL  TIME 
00640  LET  U=3 1 47 1 0 
00650  REM  H-E  TEMP 
00660  LET  T(  1 , 5 5 =335 
00670  LET  T( 2, 1 5  =6 • 25855 
00680  LET  T(2, 25=1 3.8483 
00690  LET  T(2, 35=16. 9121 
00700  LET  T(2, 45  =  1 08 »  541 
00710  LET  T(2, 55= 1 25 .21 4 
00720  LET  TC 4#  1 )  =  1 3.5984 
00730  LET  T(4, 25=14. 6882 
C0740  LET  T(4,35=106.913 
00750  LET  T(4, 45=1 19. 162 
00760  LET  T( 4#  5 5=33 1.757 
00770  LET  T( 5, 1 5  =  1 3.7234 
00780  LET  T(5, 25=15. 8002 
00790  LET  T(5, 35=107. 727 
00800  LET  T(5, 45=122. 188 
00810  LET  T(5, 55=333.378 
00820  LET  T (6. 1 5=5.33866 
00830  LET  T(6, 25=13.7858 
00840  LET  T(6, 35=15. 8002 
00850  L.ET  T(6, 45=107. 500 
00860  LET  1(6,55=122.188 
00870  REM  ADDITIONAL  H-E  IC 
00880  REM  ADDITIONAL  H-E  IC 
00890  REM  T-L  TEMP  &  0 
00900  LET  T(8, 1 5=4.41793 
00910  LET  T(8, 25=17. 0205 
00920  LET  T(8, 35=129. 490 
00930  LET  T(9, 1 5=4.49430 
00940  LET  T( 9, 25=17. 2073 
00950  LET  T<9, 3>=130.597 
00960  LET  TOO,  15=322 
00970  LET  TOO, 25=322 
009R0  LET  TOO, 35=322 
00990  LET  00  5=4.20006 
01000  LET  0(25=4.95133 
01010  LET  0(35=84.3446 
01020  REM  ADDITIONAL  T-L  IC 
01030  REM  ADDITIONAL  T-L  IC 
01040  REM  ADDITIONAL  T-L  IC 
01050  REM  ADDITIONAL  T-L  IC 
01060  REM  ADDITIONAL  T-L  IC 


Figure  114.  Partial  Listing  of  ARPA2  Program 


01070  REM  T-A  TEMP*SPEED*P0WER*  T0RQUE*MASS  FL0W 

01080  LET  T< 12* 1 )= 1 3. 7763 

01090  LET  TC12*2)=105.635 

01100  LET  W(  1  *  1 )  =  50*3060 

OHIO  LET  W<1*2)=61.0917 

01120  LET  P<1)=140.440 

01130  LET  PC?)=815.096 

01140  REM  ADDITIONAL  T-A  IC 

01150  LET  L(0*l>=5. 32416 

01160  LET  L(0*2)=23.8292 

01170  LET  M(4*l)=8. 34560 

01180  LET  M<4*2>=6. 52385 

01190  REM  ADDITIONAL  T-A  IC 

01200  REM  ADDITIONAL  T-A  IC 

01210  REM  J-T/LIQ  TEMP* ENTHALPY* MASS  FLOW 

01220  LET  TC14* 1 )=4. 41877 

01230  LET  TC15* 1)=4. 34172 

01240  LET  MC5*1)=3.55 

01250  LET  M(6*l)=3.55 

01260  LET  M(7* 1 )=0 

01270  LET  M<8*1)=0 

01280  LET  EC2* 1 >=28.8775 

01290  LET  EC8* 1 >=30.226 1 

01300  LET  Y0=0 

01310  LET  Y8=0 

01320  REM  ADDITIONAL  J-T/LIQ  IC 
01330  REM  ADDITIONAL  J-T/LIQ  IC 

013*0  REM  CHECK  FOR  CONSISTENT  INTERCONNECTIONS 

01350  GOSUB  4610 

01360  FOR  J=1  TO  2 

01370  FOR  1=1  TO  N1 

01380  LET  Nv  J* I )=M( J* I ) 

01390  NEXT  I 
01400  NEXT  J 

01410  REM  SPECIFY  RUN  TYPE 
01420  IF  N5=0  THEN  1780 

01430  PRINT  "COOLDOWN  FROM  AMBIENT  TEMPERATURE" 

01440  PRINT  "CONSTANT  PRESSURE  3.8/1.18  ATM" 

01450  IF  N4*0  THEN  1500 
01460  PRINT  "WITH  LIQUEFIER" 

01470  PRINT  "CONTROLLED  J-T  VALVE- -M  =  7 . 1 0  FOR  TEMP  ABOVE  50" 

01480  PRINT  "  --M=3 • 55  FOR  50  TO  6.25" 

01490  PRINT  "  --NO  CONTROL  BELOW  6.25" 

01500  PRINT 

01510  PRINT 

01520  PRINT 

01530  PRINT 

015*0  PRINT 

01550  PRINT 

01560  PRINT  "TIME- -SECONDS" 

01570  PRINT  "T=TEMPERATURE--DEG  K" 

01580  PRINT  "Q=HEAT  FL0W--WATTS" 

01590  PRINT  "M=MASS  FL0W--GRAMS /SEC" 

Figure  114.  Partial  Listing  of  ARPA2  Program  (Continued) 
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Section  4 


POWER  CONDITIONER  FOR  COMPRESSOR  MOTORS 


Each  of  the  three  cryogenic  refrigeration  systems  considered  in  this 
study  will  require  about  40  kilowatts  at  roughly  850  hertz  and  a  power  factor 
of  0.  8.  Shipboard  auxiliary  power  is  60  hertz,  so  an  interfacing  power  con¬ 
ditioner  must  produce  850  hertz  for  the  compressor  drive  motors. 

A  practical  choice  of  power  conditioners  is  limited  to  two  types:  solid- 
state  and  dynamic.  The  strong  points  and  weaknesses  of  each  type  of  power 
conditioner  are  discussed  below  in  a  subjective  manner,  based  largely  on  ex¬ 
perience  because  no  new  investigation  was  conducted  under  this  contract.  A 
simplified  approach  would  be  to  compare  only  cost  and  reliability  factors. 
However,  the  implied  assumption  that  one  would  be  a  direct  replacement  for 
the  other  is  invalid;  therefore,  additional  characteristics  of  potential  impor¬ 
tance  are  enumerated  and  briefly  discussed  in  the  following  paragraphs. 

Motor  and  generator  technology  of  the  type  applicable  to  power  condition¬ 
ers  is  broad,  having  matured  many  years  ago;  even  so,  the  technology  by  no 
means  is  stagnant.  Solid-state  technology  is  of  recent  origin.  Changes  and 
improvements  are  being  vigorously  pursued;  progress  is  therefore  current. 

The  attributes  of  solid-state  technology  center  mainly  on  the  ease  of  con¬ 
trol  and  the  absence  of  rotating  parts,  thereby  implying  no  wearout  mode. 
Starting,  accelerating,  and  maintaining  a  motor  speed  or  speed  profile  can  be 
accomplished  with  ease,  using  integrated  circuit  control.  Compressor  speed 
is  controlled  simply  by  changing  the  frequency.  The  frequency  may  be  made 
a  function  of  a  feedback  error  signal  between  a  speed  signal  and  a  reference. 
Except  for  some  transformer  noise,  there  is  very  little  acoustic  noise.  The 
Inverter  should  weigh  half  as  much  as  a  motor- generator  set,  but  would  prob¬ 
ably  occupy  the  same  floor  space  and  volume. 

Either  type  of  power  conditioner  may  be  cooled  with  forced  air  and/or 
water.  The  solid-state  type  of  conditioner  will  employ  auxiliary  fans  and  fil¬ 
ters;  therefore,  some  maintenance  will  be  required.  The  same  is  true  for 
bearing  lubrication  of  the  motor- generator  set. 

Acceleration  of  the  compressors  to  operating  speed  may  be  of  small  con¬ 
sequence,  because  it  will  probably  be  accomplished  at  dockside,  where  ample 
power  is  available.  If  the  compressors  were  restarted  at  sea,  they  could  be 
a  strain  on  the  soft  shipboard  power  system. 

A  dynamic  power  conditioner  would  probably  have  a  two-winding  drive 
motor.  One  winding  would  be  for  half-speed  operation;  the  other  winding 
would  be  for  the  rated  speed.  A  reduced  voltage  acceleration  would  permit 
the  compressor  motors  to  track  the  generator  frequency,  enabling  the  whole 
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system  to  come  up  to  speed  together.  A  low-voltage  start  would  be  less  de¬ 
manding  of  the  soft  shipboard  power  system. 

The  more  sophisticated  solid-state  power  conditioner  would  bring  the 
compressor  motors  up  to  speed  with  little  or  no  noticeable  effect  on  the  power 
system.  Frequency  and  slip  are  precisely  controlled  over  the  speed  range, 
which  is  the  inherent  advantage  of  the  solid-stae  system.  At  dockside,  where 
plenty  of  power  is  available,  this  feature  would  be  of  less  significance. 

The  inverter  in  a  solid-state  system  would  need  adjustable  direct  current 
for  acceleration  and  fixed  direct  current  for  steady-state  operation.  Rectifi¬ 
ers  are  notorious  for  creating  difficulties  with  the  power  source,  unless  very 
complicated  circuits  (with  many  phases)  are  employed.  The  output  waveshape 
of  an  inverter  is  typically  full  of  time  harmonics.  These  harmonics  can  be 
reduced  best,  in  this  case,  with  harmonic  transformers  and  nonresonant  filters. 
On  the  other  hand,  a  motor-generator  set  is  ideal  for  power  conversion,  be¬ 
cause  it  automatically  produces  a  sine  wave  output. 

Reliability  can  be  improved,  for  either  type  of  power  conditioner,  to  ac¬ 
ceptable  levels  with  suitable  redundancy.  In  general,  the  dynamic  type  is  sig¬ 
nificantly  more  reliable  than  the  solid-state  type.  Considerably  more  expense 
in  the  way  of  quality  control,  burn-in,  and  testing  is  required  for  the  solid-state 
type,  to  make  their  reliabilities  comparable. 

The  dynamic  power  crnditioner  will  operate  longer  without  failure,  will 
require  less  time  to  repair,  will  cost  much  less  to  repair,  will  require  fewer 
spare  parts  to  inventory,  will  use  simpler  robust  tools,  and  will  require  re¬ 
pair  crews  with  less  training. 

The  solid-state  power  conditioner  is  more  susceptible  to  shock  and  vibra¬ 
tion  and  explosions  under  battle  conditions  than  is  the  stronger  motor-genera¬ 
tor  set.  The  solid-state  type  is  more  vulnerable  to  line  transients  and  in  its 
simpler  versions  passes  on  line  voltage  sag  to  the  load  motor. 

Shortcomings  of  either  type  of  power  conditioner  can  be  overcome  at  addi¬ 
tional  expense.  The  solid-state  conditioner  has  further  to  go,  so  dynamic  power 
conditioning  appears  to  be  the  most  cost  effective  method.  However,  this  con¬ 
clusion  should  not  be  made  the  only  basis  for  selection;  other  criteria  must  be 
considered.  Other  pertinent  features  and  characteristics  are  summarized  in 
Table  13. 

No  documentary  evidence  is  submitted  to  justify  the  individual  items  listed 
in  Table  IP.  Instead,  this  summary  merely  reflects  the  experience  of  the  author. 
Some  of  the  assertions  are  contrary  to  popular  belief  and  therefore  will  be  de¬ 
batable  until  resolved  by  considerable  work. 


Table  13 


COMPARISON  OF  POWER  CONDITIONER  FEATURES 
OR  CHARACTERISTICS 


Feature  or  Characteristic 

Solid  State 

Dynamic 

Technology  base 

Medium,  recent,  expanding 

Broad,  mature 

Relative  recurring  cost 

2 

1 

Relative  development  cost 

3 

1 

Redundancy  cost 

Expensive 

Inexpensive 

Relative  volume  and  space 

1 

1 

Relative  weight 

1 

2 

Efficiency  (percent) 

85 

=85 

Relative  maintenance 

1,  (filters  and  fans) 

2,  (bearings  and  brushes) 

Acoustic  Noise 

Little 

Some 

RF  noise 

Much 

Little 

Cooling 

Air  or  water 

Air  or  water 

Speed  (and  frequency)  control 

Inherent 

Ad 'ed  control 

Compressor  acceleration 

No  line  surge 

(simultaneous  start  possible) 

Some  surge,  reduced 
vc'tage  (sequential  start) 

Effect  on  source 

Degrades  by  chopping 

None 

Effect  on  motor  load 

Time  harmonic  losses 

None 

Shock  and  vibration  tolerance 

Reliability 

Expensively  packaged 

Inherent 

Mean  time  between  failures 

Shorter 

Longer 

Relative  mean  time  to  repair 

3 

1 

Availability 

Less 

Greater 

Relative  cost  to  repair 

5 

1 

Inventory  of  spare  parts 

Many 

Few 

Wear-out  mode 

Abusive  frequent  repairs 

Insulation  age 

Repair  tools  and  instruments 

Complex,  costly,  many  are  fragile 

Simple,  robust,  few 

Repair  crew  training 

Long  and  expensive  (experts  only) 

Short  and  simple  (mechanics) 

Emergency  repair 
possibility 

Improbable 

Every  service  shop 

Fault-produced  toxic  fumes 

Susceptibility  to  line 

Potting  compounds 

Motor  insulation 

voltage  transients 

High 

Low 

Isolation  from  power  source 

Low 

Very  high  j  CR-4444 
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LIQUID  METAL  CURRENT  COLLECTOR  TECHNOLOGY 


PURPOSE 

The  purpose  of  these  investigations  in  the  area  of  liquid  metal  current 
collector  technology  is  to  identify  potential  problems  pertaining  to  the  use  of 
liquid  metals  other  than  NaK  for  superconductive  power  applications.  During 
the  studies  reported  in  the  first  semiannual  technical  report,  it  was  concluded 
that  only  gallium  (or  gal’ium-indium)  of  the  many  potential  metals  and  alloys 
considered  offered  any  promise  of  providing  a  better  solution  to  the  problems 
of  liquid  metal  current  collection  than  that  obtained  using  NaK  as  the  liquid 
metal. 

The  advantages  of  gallium  over  NaK  are  confined  primarily  to  the  lower 
speeds  of  operation  typical  of  motors  (as  contrasted  to  generators)  in  which 
I2R  losses  or  inefficiencies  resulting  from  electromagnetically  driven  motion 
of  the  liquid  metal  are  predominant  over  those  resulting  from  centrifugal  and 
viscous  shearing  forces  in  the  liquid  metal  generated  by  high  speeds.  Thjse 
functional  advantages  are  of  course  independent  of  the  problem  areas  involv¬ 
ing  material  compatibilities. 

Gallium  has  no  significant  chemical  reaction  with  water,  as  does  NaK. 

It  is  also  nontoxic  and  thus  is  preferable  to  mercury.  It  does  have  chemical 
(amalgamation)  reactions  with  many  metals  (e.  g. ,  iron,  copper,  and  their  al¬ 
loys)  that  are  satisfactory  with  NaK  and  that  are  electrically,  magnetically, 
and  structurally  advantageous  in  the  design  of  electrical  machinery. 

Therefore,  much  of  the  effort  during  this  reporting  period  was  devoted  to 
the  design  and  material  and  process  selection  and  application  in  the  prepara¬ 
tion  of  test  specimen  equipment  for  use  with  gallium  during  the  testing  activ¬ 
ities  of  Phase  III. 

GALLIUM  COLLECTOR  TESTS 

The  use  of  gallium  as  a  collector  fluid  in  place  of  NaK  in  a  semiflooded 
system  has  the  advantage  of  offering  an  inherent  safety  factor  in  the  event  of 
an  accident.  Due  to  the  higher  density  and  viscosity  of  gallium,  one's  first 
impression  is  that  higher  collector  losses  would  occur.  It  can  be  shown,  how¬ 
ever,  that  in  low- speed  applications  such  as  those  typical  of  ship  propulsion 
motors,  the  use  of  gallium  results  in  lower  viscous  losses. 

In  Reference  5  (Equation  28),  the  average  viscous  loss  in  a  radial  collec¬ 
tor  gap  is  shown  to  be:  ^  3 

Pgv  =  [1  +  36s],  6 <  1  (89) 
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fpVo3 

P av  =  [2  (1  +  t)J 2i-  1  ],  5  >  1  (90) 

where  6  is  a  dimensionless  ratio  relating  the  electromagnetic  forces  acting 
on  the  fluid  to  the  viscous  forces,  specifically: 

2JBd 

6  =  w 

f  =  Fanning  friction  factor 
VQ  =  Collector  peripheral  velocity 

p  =  Collector  fluid  density 

J  =  Current  density  in  collector  gap 
B  -  Magnetic  flux  density 

d  =  Collector  radial  gap 

The  effect  of  fluid  properties  on  the  loss  is  not  immediately  evident  from 
the  above  loss  expressions.  For  various  machines  considered  earlier  in  the 
study,  it  has  been  found  that  the  typical  values  of  6  are  well  above  1. 0  for  mo¬ 
tors  and  well  below  1. 0  for  generators,  when  NaK  is  assumed  as  a  collector 
fluid.  It  is  therefore  instruccive  to  simplify  Equations  89  and  90,  assuming 
extreme  values  of  the  dimensionless  ratio,  6: 

fpvD3 

PaV  =  "8“  '  6<<  1  (91) 

(JBd)3'a 

Pav  =  ~WFr3~‘  6>>  1  (92) 

It  is  seen  from  the  above  equations  that  for  low-speed  machines  (6>>  1), 
the  collector  loss  varies  inversely  with  the  fluid  density,  and  thus  the  use  of 
gallium  can  improve  the  efficiency.  This  is  due  to  the  fact  that  in  this  condi¬ 
tion,  the  fluid  velocity  is  much  higher  than  the  collector  peripheral  velocity, 
and  it  becomes  the  governing  factor  in  the  viscous  loss.  Increased  density 
lowers  this  fluid  velocity  and  hence  lowers  the  losses.  To  give  a  concrete 
example,  consider  the  propulsion  motor  presented  in  Table  43  of  Reference  6, 
where: 

•  Power  =  40,000  hp 

•  Inner  collector  radius  =  12.  13  inches 

•  Outer  collector  radius  =  18.53  inches 

•  Magnetic  flux  density  =  5.0  webers  per  square  meter 

•  Design  current  =  150,000  amperes 

•  Speed  =  200  rpm 
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At  the  inner  and  outer  collectors,  the  dimensionless  ratio,  6,  has  the  fol¬ 
lowing  values  when  the  collector  fluid  is  NaK  (density  =  0.85  x  103  kilograms 
per  cubic  meter): 


6.  =  22. 9 

l 

6  =  18.  2 
o 

Assuming  a  radial  clearance  of  0.  050  inch  in  both  collectors,  the  inner 
and  c  iter  Reynolds  numbers  with  NaK  (p  =  4.  7  x  1  0"4  kilograms  per  millisec¬ 
ond)  are: 


(Re)j  =  29,600;  therefore,  f.  =  0.  0086 

(Re)  =  45,200;  therefore,  f  =  0.  0035 
o  o 

where  friction  factors  arc  obtained  from  Figure  8  of  Reference  7. 

If  in  this  machine  the  NaK  is  replaced  by  gallium  (p  =  6.  0  x  103  kilograms 
per  cubic  meter,  p  =  15  x  10“4  kilograms  per  millisecond),  the  above  parame¬ 
ters  change  to: 

(Re).'  =  65,400 

(Re)  '  =  100,000 

fj'  =  0.0084 

f  '  r  0.  0083 

6.'  =  3.32 

V  *  2-6‘1 


The  ratio  of  NaK  collector  loss  to  gallium  collector  loss  can  be  obtained 
from  Equation  90: 


Gallium  loss  _  f’o'  (1  +  6 1  )v 2 6 1  -  1 
NaK  loss  "  fp  (1  +  t  )J'2b  -  1 


For  the  inner  and  outer  collectors,  these  ratios  become: 


f Gallium  loss\ 
\  NaK  loss  / 


U.  44 


^Gallium  Ioss^ 

V  NaK  loss  / 
o 


0.  45 


I  ><u  ,  for  this  illustrative  case,  the  collector  losses  can  be  halved  by  the 
substitution  ol  gallium  lor  NaK.  Another  advantage  of  gallium  over  NaK  is  its 
much  greater  compatability  with  organic  sealing  and  insulating  materials. 
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The  use  of  gallium  in  a  dynamic  current  collection  system  has,  however, 
acquired  a  very  poor  reputation,  due  to  a  phenomenon  sometimes  called  "past¬ 
ing.  "  It  has  been  found  that  liquid  gallium,  when  exposed  to  air  and  agitated 
in  a  manner  typical  to  that  of  a  current  collection  system,  in  a  period  of  time 
measured  in  minutes  undergoes  a  thickening  into  a  paste.  Although  this  phe¬ 
nomenon  defied  rational  explanation  for  some  time,  more  recent  experience 
has  led  to  the  conclusion  that  the  paste  formed  is  composed  of  microscopic 
spherules  of  liquid  metal  with  an  extremely  thin  skin  of  gallium  oxide.  The 
solution  to  the  problem  has  been  to  protect  the  gallium  from  oxidation  by  the 
use  ol  an  inert  cover  gas  having  very  low  oxygen  and  water  vapor  content. 
Practical  gallium  collectors  have  been  experimentally  operated  continuously 
ior  more  than  500  hours,  with  no  significant  degradation  of  the  liquid.  It  is 
felt  that  pasting  can  be  postponed  indefinitely  in  such  a  system  with  the  addi¬ 
tion  of  a  bypass  gallium  purification  loop  consisting  of  either  a  filter  or  an 
electrolytic  purifier. 

Other  distinct  disadvantages,  however,  also  result  from  the  physical  prop¬ 
erties  of  gallium.  The  greater  density  of  gallium  causes  an  increase  in  liquid 
metal  pressure  generation  in  a  flooded  disk  machine  by  a  factor  of  seven  over 
NaK.  This  increase  may  preclude  the  use  of  an  uncirculated  flooded  collection 
system  on  a  propulsion  motor,  as  the  resulting  pressures  may  be  impractica¬ 
bly  high  from  the  standpoints  of  both  sealing  and  rotor  thrust  and  may  dictate 
t  ic  necessity  of  fluid  circulation  or  of  unflooded  collectors.  Another  short¬ 
coming  of  gallium  is  its  indicated  incompatability  with  metals  having  good  elec¬ 
trical  conductivities,  such  as  aluminum,  and  its  alloys,  at  room  temperature 
and  with  copper  and  carbon  steels  at  temperatures  over  100°C. 


l'igure  115  shows  the  cross  section  of  a  collector  device  that  has  been 
fabricated  to  determine  the  problems  in  the  design  and  operation  of  an  inflooded 
gallium  system.  As  the  electromagnetic  forces  acting  on  the  liquid  of  such  a 
system,  as  applied  to  a  marine  propulsion  motor,  equal  or  exceed  the  dynamic 
orces.  such  a  test  device  must  include  the  current  flow  and  the  magnetic  field, 
he  present  device  is  designed  to  duplicate  conditions  found  in  the  collector  re- 
gmn  of  a  disk- type  motor  (the  collector  current  being  radial  and  the  magnetic 
leld  axial).  The  magnetic  field  is  obtained  by  placing  the  collector  rig  in  the 
ore  o  an  existing  superconducting  solenoid  having  a  maximum  central  field 
flux  density  capability  of  5.  7  webers  per  square  meter.  This  solenoid  is  fully 
described  in  Reference  5.  The  overall  diameter  of  the  test  rig  is  thus  re¬ 
strained  to  a  diameter  of  8  inches,  in  order  to  fit  the  bore  of  the  solenoid  dewar. 


Thf  test  rig  consists  of  two  collector  sets  of  large  and  small  diameter 
lhe  inner  collectors  (disks)  arc  electrically  connected  at  the  hub  to  provide  a 
cuitinuous  electrical  circuit  from  the  large  diameter  outer  collector,  through 
l  ie  paired  inner  collectors,  to  the  small  diameter  outer  collector.  The  two 
outer  collector  circrits  arc  available  to  outside  circuit  connections  through  two 
concentric  annular  conductors  that  also  form  the  outer  housing  of  the  test  ma¬ 
chine.  Due  to  the  difference  in  disk  diameters,  a  net  voltage  will  be  generated 
an  current  can  be  circulated  through  an  external  load  resistor. 
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A  variable  speed  motor  is  the  power  source.  Input  torque  and  speed  and 
electrical  power  output  can  be  measured.  An  external  current  supply  will  be 
used  to  conduct  motoring  tests,  particularly  at  the  locked  rotdr  condition  at 
which  time  the  liquid  metal  initially  rests  in  a  pool  at  the  bottom  of  each  col¬ 
lector.  Visual  observations  can  be  made  through  the  glass  window  at  the  un¬ 
driven  end  and  the  transparent  wail  of  the  small  diameter  collector  cup.  The 
normal  test  mode  will  be  with  the  outer  housing  stationary,  but  the  rig  can  al¬ 
so  be  short-circuited  or  opcn-cireuited  in  the  contrarotating  mode,  the  outer 
housing  being  driven  by  a  V-bclt.  The  baseplate  can  be  tilted  up  to  30  degrees 
about  the  pitch  axis,  to  simulate  shipboard  use.  Pertinent  specifications  of 
the  collector  test  rig  arc  listed  in  Table  14. 

Table  14 


SPECIFICATIONS  OF  CURRENT  COLLECTOR  TEST  RIG 


Specification 

Parameter 

Speed 

Single  rotation 

0-4000  rpm 

Contrarotating 

0-1000  rpm 

Drive  motor 

25  hp 

Current 

Self-generating 

10,  000  amperes 

External  source 

2,  000  amperes 

Generated  voltage  (3.  0  watts  per 
square  meter,  2000  rpm, 

0.  68  volt 

Central  magnetic  field  (maximum) 

5.  7  watte  per  square  meter 

Collector  diameter 

Inner 

4.75  inches 

Outer 

6.  00  inches 

Maximum  tilt  angle  (pitch  axis) 

30  degrees 

The  problem  of  material  eompatability  between  the  gallium  and  the  test 
rig  structure  was  first  approached  with  the  idea  of  a  plated  barrier  of  gallium 
resistant  metal  that  would  be  applied  thickly  enough  to  resist  penetration  with 
normal  cart  in  handling.  Electroless  nickel  plating  (c.  g. ,  the  Kanogen  pro¬ 
cess)  appeared  to  have  the  best  potential,  from  several  standpo  nts.  Available 
data  indicate  that  nickel  was  compatible  with  gallium.  The  electroless  plating 
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process  is  capable  of  depositing  heavy  adherent  coatings  on  a  wide  variety  of 
metals,  including  iron,  copper,  an.’  aluminum.  Whereas  electrolytic  plating 
has  difficulty  with  deposit  thickness  control  on  both  sharp  external  corners 
and  in  cavities,  the  electroless  process  can  deposit  a  uniform  plating  on  either 
extreme.  Durability  of  the  resultant  plating  has  been  proven  by  many  years  of 
service  as  a  corrosion  barrier  applied  to  the  inside  of  steel  railroad  tank  cars. 

Plated  samples  of  low-carbon  steel,  OFHC  copper,  and  6061  aluminum  al¬ 
loy  were  prepared  and  submerged  in  gallium.  No  attack  was  evident  at  room 
temperature,  but  after  two  weeks  at  100°C,  small  crystalline  growths  were  vjs- 
ible  on  the  plated  surfaces,  indicating  that  an  attack  was  taking  place.  Quali¬ 
tative  analysis  indicated  the  crystals  to  be  a  gallium-nickel  combination.  No 
further  investigation  of  plating  was  made,  and  the  decision  was  made  to  con¬ 
struct  the  internal  metal  surfaces  of  the  test  rig  of  AIS1-304  stainless  steel, 
either  solid,  or  as  a  cladding  over  copper  in  the  current  carrying  parts. 

Examination  of  Figure  115  will  show  that  the  two  inner  collector  disks 
have  cores  of  OFHC  copper  that  limit  the  length  of  the  current  path  in  the  stain¬ 
less  steel  cladding  to  small  distances.  Similar  copper  inserts  are  visible  in 
the  outer  collectors.  A  series  of  axial  copper  bars  are  placed  in  the  axial  por¬ 
tions  of  the  outer  collectors  to  conduct  the  load  current  to  the  terminal  points. 
With  this  design  approach,  the  total  I3R  losses  in  the  solid  members  were  held 
to  a  calculated  350  watts  for  each  collector  at  a  load  current  of  10,000  amperes. 
This  level  is  acceptable  in  view  of  the  calculated  losses  of  approximately  850 
watts  within  the  liquid-filled  gap.  These  losses  are  removed  by  directing  cool¬ 
ing  with  water  on  the  outer  collector  copper  inserts. 

The  copper  inserts  must  be  fully  bonded  to  ne  stainless  steel  cladding,  at 
least  in  the  areas  across  which  the  load  current  passes.  The  initial  concept 
was  to  cast  the  copper  directly  into  cavities  in  the  stainless  steel.  Test  spec¬ 
imens  were  prepared  by  inserting  machined  slugs  of  OFHC  copper  into  match¬ 
ing  cavities  in  304  stainless  steel  blocks,  du  /licating  some  of  the  governing 
dimensions  in  the  outer  collector  piece.  It  vas  found  that  gross  shrinkage  cav¬ 
ities  formed  during  solidification  of  the  copper,  to  the  extent  that  the  results 
were  not  acceptable. 

To  preclude  the  possibility  that  the  voids  v'ere  caused  by  dissolved  gases 
in  the  copper,  picked  up  in  the  hydrogen  furnace,  new  samples  were  melted  in 
a  vacuum  furnace.  Voids  of  substantially  the  same  size  and  distribution  were 
found  when  sectioning  the  pieces.  Fusion  of  the  copper  was  therefore  not  at¬ 
tempted  on  the  actual  piece;  instead,  the  copper  slugs  were  bonded  to  the  stain¬ 
less  steel  by  brazing  with  Nioro  alloy  (Au  18Ni)  in  a  hydrogen  furnace.  This 
particular  braze  alloy  was  chosen  because  its  extremely  good  wetting  qualities 
gave  the  best  assurance  of  success  on  this  one-of-a-kind  assembly.  After  the 
copper  slugs  were  brazed  in  place,  the  composite  pieces  were  machined  and 
fitted  with  stainless  steel  cover  plates  to  complete  the  encasement  of  the  cop¬ 
per.  These  covers  were  then  electron-beam-welded  to  the  steel  cladding.  No 


bonJ  was  necessary  between  the  copper  and  the  cover  plates,  because  these 
were  not  required  to  conduct  either  electrically  or  thermally. 

Figure  116  is  a  view  of  the  partially  assembled  test  rig  without  the  outer 
collectors.  The  two  disks  on  the  left  are  the  copper/stainless  steel  compos¬ 
ite  inner  collector  disks  (Parts  16  and  17  of  Figure  115).  The  semifinished 
outer  collectors  (Parts  22  and  23  of  Figure  115)  are  shown  in  Figure  117. 

Austenitic  stainless  steel  is  not  readiiy  wetted  by  gallium,  and  if  wetting 
is  not  achieved,  high  surface  resistances  will  result;  however,  it  has  been 
found  that  a  very  tenacious  coating  of  gallium  can  be  achieved  by  electroplating. 
The  plated  gallium  has  been  proven  to  maintain  excellent  electrical  contact  un¬ 
der  operating  conditions,  without  causing  any  apparent  attack  of  the  liquid  on 
the  underlying  stainless  steel  substrate.  Gallium  will  therefore  be  electroplat¬ 
ed  onto  the  conducting  surfaces  of  the  collectors,  inc  luding  the  facing  surfaces 
on  the  hubs  of  the  two  inner  collector  disks. 

Surfaces  requiring  electrical  insulation  will  be  coated  with  flame-sprayed 
alumina.  After  impregnation  with  epoxy  resin  and  surface  grinding,  an  insula¬ 
ting  surface  results  that  has  good  insulating  properties,  is  relatively  durable 
(from  the  mechanical  standpoint),  and  is  smooth  enough  to  form  a  hermetic 
seal  against  an  O-ring.  The  smaller  of  the  two  outer  collector  rings  in  Figure 
117  shows  the  flame-sprayed  coating  on  its  outside  surface  as  applied,  but  be¬ 
fore  impregnating  and  grinding. 

The  gallium  in  the  test  rig  wilt  be  protected  from  contact  with  oxygen  and 
water  vapor  by  minimizing  the  gas  leakage  through  the  enclosure  walls  and  by 
supplyin  the  interior  with  a  slightly  pressurized  neutral  cover  gas  of  high  purity. 
All  static  joints  in  the  outer  housing  will  be  sealed  with  Viton  O- rings,  chosen 
to  minimize  the  diffusion  of  atmospheric  oxygen  and  water  vapor.  The  dynam¬ 
ic  seal  where  the  shaft  penetrates  the  housing  is  a  carbon  face  seal  operating 
against  a  titanium  carbide  ring.  The  floating  face  is  sealed  to  the  cartridge 
body  with  a  metal  bellows.  Cooling  and  lubrication  of  the  seal  is  furnished  by 
an  oil  mist  directed  -(gainst  the  outside  of  the  seal.  The  oil  mist  system  also 
lubricates  the  bearings. 

A  carbon  ring  clearance  seal  is  placed  around  the  shaft  between  the  cur¬ 
rent  collector  region  and  the  carbon  face  seal.  A  constant  purge  flow  of  the 
neutral  cover  gas  will  be  bled  from  the  current  collector  region,  past  this 
clearance  seal,  into  the  region  containing  the  face  seal,  and  thence  out  through 
a  restriction  to  the  atmosphere.  This  purge  bleed  flow  will  have  a  relatively 
high  velocity  through  the  clearance  of  the  ring  seal  and  thus  will  minimize  the 
diffusion  of  leakage  and  contaminants  from  the  face  seal  into  the  gallium  col¬ 
lector  region. 

The  cover  gas  is  nitrogen  and  is  supplied  to  the  collector  region  through 
a  port  in  the  observation  window.  The  gas  source  is  liquid  nitrogen  boil-off 
or  high-purity  cylinder  gas,  each  having  impurity  levels  of  approximately 
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Figure  116.  Partially  Assembled  Test  Lig  Without  Outer  Collectors 
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igure  117.  Semifinished  Outer  Collectors 


column'nf^a^f  T0?”  the  teSt  rig'  ‘he  cover  Sas  “>  *«bbled  through  a 
lumn  of  NaK  for  final  cleanup  of  the  oxygen  and  the  water  vapor  The  stream 

a  fine  aTsiyf  Th11  diameter  bubbles  is  produced  by  forcing  the  nitrogen  through 
a  fine  glass  frit  having  a  pore  size  of  4  to  5.  5  microns.  g 

oassaieflfn11^111  m  introduced  into  the  collector  cavities  through  a  series  of 
passages  drilled  in  the  outer  collector  pieces  and  terminating  in  the  tangential 

ports  in  the  inner  wails  of  the  outer  collectors.  These  portsVan  be  seen  £ 
both  of  the  semifinished  outer  collector  pieces  shown  in  Figure  117  These 
tangential  openings  are  also  used  as  impact  ports  to  collect  the  liquid  metal 

aUCM?s?(4Tto  BO^'-610^  ®Ufficient  pressure  to  circulate  the  gallium  through 
a  coarse  (40  to  60  microns)  glass  frit.  6 

at  a  controlled3 inl^t ^  COOling  SyStem  Wil1  SUPP^  the  cooling  water, 
lectors  temperature,  to  the  heat  transfer  surfaces  in  the  outer  col- 

,  ,  The  detailed  specifications  of  the  various  manufacturing  processes  and 

aloTaTnnStHGVH  +°Pf COnStruCt  the  H^uid  metal  current  collector  test  rig 
o?  the  testing"  PHrtS  draWingS  and  wil1  be  ^leased  at  the  conclusion 

this  tIe^0rhanCe  Wuhu  the  rePuirements  of  this  program,  all  rotating  tests  of 

and  th  6  7lU  ,be  eoadncted  in  accordance  with  the  statement  of  work 

and  the  program  plan  for  Phase  III. 

alternation111^-  °f  °n  theSe  collector  configurations  may  indicate  that 
D  m"  e,  configurations  should  also  be  evaluated.  Such  variations  and  sup- 

der  PteMir  of  th“dUCted  Wlthin  ^  SC°Pe  and  Schedule  authorized  un- 

er  Phases  L  and  III  of  the  program.  However,  the  specific  objective  of  thm 

portion  of  Phase  III  (evaluating  gallium  collectors  in  the  patch  roll  and  opera- 

ofTef  r  "S  °f  3  ‘ power  system  applicable  to  Department 

Defense  requirements  and  experimentally  evaluating  the  suitability  of  the 
control  mater  ais  and  processes  related  to  such  systems)  will  have  been  at- 
tamed  if  satisfactory  test  results  are  obtained  during  Phase  III. 
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Section  6 


SUPERCONDUCTING  COIL  TECHNOLOGY 

SUPEPCONDUCTING  COIL  SHOCK  AND  VIBRATION  TESTS 

The  purpose  of  this  investigation  is  to  evaluate  the  performance  of  super¬ 
conducting  coils  in  withstanding  external  environmental  impact  and  vibratory 
forces  and  torques  equal  to  or  exceeding  those  that  might  be  anticipated  in 
naval  service. 

The  specific  objectives  of  this  investigation  are  to: 

•  Evaluate  various  coil  mountings  and  support  structures  for  cylindri¬ 
cal  superconducting  coils  of  acyclic  direct-current  machines,  which 
are  energized  at  a  flux  density  of  6  tesla. 

•  Investigate  the  extreme  conditions  of  environmental  shocks  and/or 
vibrations  that  may  be  transmitted  through  the  winding  support  struc¬ 
ture  and  that  could  result  in  the  quenching  of  the  superconducting  coils. 

MODEL  DESCRIPTION 


The  model  setup  for  the  shock  experiments  (Figures  118  through  120)  con¬ 
sists  of  a  frame  made  of  structural  U-channels,  a  dewar  with  its  cover  plate 
firmly  supported  by  the  frame,  the  superconducting  coil  and  support  structure 
(which  is  elastically  suspended  from  the  dewar  cover  plate  by  a  flexible  tube 
form  mounting),  and  the  falling  weights  that  apply  the  linear  and  torsional 
shocks  to  the  coil  support  structure. 

The  cylindrical  superconducting  coils  (6-inch  outside  diameter  by  3-inch 
by  2-1 /2-inch  length)  are  mounted  on  the  lower  end  of  the  support  structure 
in  such  a  manner  hat  their  longitudinal  axes  can  be  either  vertical  or  hori¬ 
zontal. 

The  coils  will  be  spaced  from  each  other  and  from  the  support  plates  by 
Textolite®  disks  that  provide  cooling  and  axial  alignment  for  the  coils  (Figure 
121).  Circumferential  and  radial  grooves  will  be  machined  at  each  face  of  the 
disk,  to  allow  for  direct  cooling  of  the  surfaces  at  contact. 

The  coil  support  structure  consists  of  a  thin  3  04L  stainless  steel  tube 
with  flange  F  welded  at  its  upper  end  and  square  plate  P  welded  at  its  lower 
ena.  The  superconducting  coils  can  be  mounted  on  plate  P  in  either  of  two 
arrangements: 

•  Vertical  Coil  Longitudinal  Axis.  The  coils  are  held  flat  against  sup¬ 
port  plate  P  by  square  aluminum  plate  A,  which  is  bolted  directly  on- 

_ to  plate  P  (Figure  118). 

^Registered  trademark  of  the  General  Electric  Company 
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Figure  119.  Model  Setup  for  Torsional  Shock  Test  Applications 


Figure  120.  Shock  Test  Facility 
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•  Horizontal  Coil  Longitudinal  Axis.  The  coils  are  held  flat  against 
each  other  by  two  rectangular  aluminum  square  plates,  S,  each  of 
which  has  an  aluminum  structural  angle  welded  on  its  top.  The  bolt¬ 
ed  assembly  of  coils  and  plates,  S,  can  be  fastened  firmly  against 
support  plate  P,  as  shown  in  Figure  119. 


Figure  121.  Tcxtolite  Disks  for  Superconducting  Coil  Alignment  and  Cooling 

The  shock  and  vibration  that  are  applied  to  the  superconducting  coils  and 
their  support  structure  are  elastically  absorbed  by  a  tube  form  rubber  mount¬ 
ing  (Figure  118).  The  outer  shell  of  the  rubber  mounting  is  firmly  fastened  in 
side  the  aluminum  tubular  housing  on  the  top  of  the  dewar  cover  plate,  while 
the  inner  hollow  cylinder  of  the  mounting  is  fastened  to  the  coil  support  struc¬ 
ture  and  is  subjected  to  the  applied  shock  and  vibration. 

The  linear  and  torsional  impact  to  the  coil  support  structure  is  received 
by  a  thick  plate,  T,  which  is  mounted  on  top  of  the  inner  cylinder  of  the  rubber 
mounting.  On  one  side  of  plate  T,  an  annular  groove  is  machined  in  such  a 
way  that  the  heads  of  the  mounting  bolts  are  recessed  while,  on  the  other  side 
of  the  plate,  a  radial  rectangular  groove  is  macnined  to  provide  support  for 
an  aluminum  bar  with  a  square  cross  section.  To  receive  the  linear  impact, 


plate  T  is  mounted  so  the  mounting  bolts  are  recessed  and  so  a  set  of  sho  ’t 
prisms  of  rectangular  cross  section  are  laid  symmetrically  on  the  flat  st  face 
of  the  plate,  to  absorb  the  impact  through  their  plastic  deformation.  By  \  try¬ 
ing  the  number  of  lead  prisms  laid  on  the  plate,  the  impact  force  and  the  re¬ 
sulting  acceleration  can  be  varied. 


To  receive  the  torsional  impact,  an  aluminum  bar,  B,  with  a  square  cross 
section,  is  mounted  into  the  rectangular  slot  of  plate  T,  and  the  assembled  unit 
is  then  fastened  to  the  inner  cylinder  of  the  rubber  mounting  (Figure  119). 


The  assembly  of  weights  for  applying  the  linear  shock  consists  of  a  set  of 
disks  with  a  central  bore  and  a  tube  bolted  into  one  of  them  (the  bottom  one), 
to  serve  as  a  guide  for  assembling  the  stack.  The  assembled  stack  of  weights 
slides  about  a  vertical  tube  at  the  center  of  the  top  cross  beam  of  the  structur¬ 
al  frame.  Removal  or  addition  of  weights  is  performed  by  lifting  the  stack  and 
disassembling  the  weight  at  the  bottom. 


The  torsional  impact  is  applied  by  an  anvil  hammer,  of  adjustable  weight 
and  height,  to  the  projecting  aluminum  bar  that  is  firmly  attached  to  top  plate 
T.  The  impact  force  is  absorbed  similarly  by  a  circular  plate  of  lead  attached 
to  the  hammer.  Varying  the  outside  and  inside  diameters  of  the  lead  plate, 
the  impact  force  and  acceleration  can  be  varied. 

The  model  setup  for  cxeiung  linear  vibrations  is  similar  to  the  setup  for 
applying  linear  shocks,  except  the  assembly  of  the  weight  stack  is  removed  and 
the  vibrator  is  instead  mounted  onto  the  dewar  plate  (Figure  121). 


The  vibrator  exciter  (Figures  122  and  123)  consists  of  a  direct-current, 
variable  speed  motor  (1-1/2  hp,  3400  rpm),  a  shaft  that  is  mounted  on  two  pil¬ 
low  blocks,  and  a  spherical  roller  bearing  with  an  eccentric  adapter  sleeve 
mounted  in  the  middle  of  the  section  of  the  shaft  between  the  pillow  block  bear¬ 
ings.  The  amplitude  of  the  vibration  is  determined  by  the  eccentricity  of  the 
adapter  sleeve  of  the  spherical  roller  bearing,  while  the  frequency  of  the  vi¬ 
bration  can  vary  by  varying  the  speed  of  the  motor. 


To  obtain  a  nearly  uniform  vibration  frequency,  the  pulley  driving  the  vi¬ 
brator  shaft  is  designed  to  also  serve  as  a  flywheel. 


The  position  of  the  vibrator  for  exciting  torsional  vibrations  is  shown  in 
Figure  124.  The  vibration  force  is  applied  at  the  end  of  aluminum  bar  B,  and 
it  is  reacted  by  the  force  of  the  compressed  coil  spring  at  the  opposite  side  of 
oar  B.  For  assembly  purposes,  a  shorter  vibrator  shaft  is  used  with  this  con¬ 
figuration,  while  all  the  other  components  of  the  vibrator  remain  the  same. 
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Figure  123.  Vibrator  Exciter 


Figure  124.  Vibrator  Arrangement  for  Torsional  Vibration  Tests 

SHOCK  TESTS 

REQUIREMENTS 


In  this  experimental  investigation,  the  following  modes  of  environmental 
shocks  will  be  investigated: 

•  Lineal-  Shock  Along  the  Longitudinal  Axis.  The  coils  will  be  mounted 
on  the  support  structure,  as  shown  in  Figure  118,  and  the  vertical 
stack  of  wrights  will  be  assembled  on  the  frame. 
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•  Linear  Shock  Normal  to  the  Longitudinal  Axis  Through  the  Center. 

The  coils  will  be  mounted  on  the  support  structure,  as  shown  in  Fig¬ 
ure  119,  and  the  vertical  stack  of  weights  will  be  used  to  apply  the 
shock. 

•  Torsional  Shock  Along  the  Longitudinal  Axis.  The  coils  will  be  mount¬ 
ed  on  their  support,  as  shown  in  Figure  118,  and  the  anvil  hammer  as¬ 
sembly  will  be  mounted  on  the  frame. 

•  Torsional  Shock  Normal  to  the  Longitudinal  Axis  Through  the  Center. 
The  coils  will  be  mounted,  as  shown  in  Figure  119,  and  the  shock  will 
be  applied  by  the  anvil  hammer  assembly. 

The  applied  impact  forces  and  torques  will  subject  the  coils  to  the  follow¬ 
ing  conditions: 

•  Acceleration  of  the  coils  at  linear  impact,  up  to  300g,  for  a  shock 
duration  of  up  to  2  milliseconds 

•  Acceleration  ol  the  coils  at  torsional  impact,  up  to  300g  at  the  outside 
diameter  of  the  coil,  for  a  duration  of  shock  of  up  to  2  milliseconds 

SHOCK  TEST  PROCEDURE 


Preliminary  Tests 


The  purpose  of  these  tests  is  to  determine  the  yield  strength  of  the  lead 
prisms  at  high  rates  of  deformations  due  to  a  shoe*. 

The  test  setup  (Figure  125)  consists  of  a  vertical  tube  mounted  on  a  rigid 
rnetal  foundation  and  a  falling  24-pound  weight,  which  is  released  around  the 
tube  from  a  predetermined  height.  The  lead  prisms  (1  by  1  by  1.5  inches) 
are  positioned  symmetrically  around  the  vertical  tube. 


Figure  125.  Test  Setup  to  Determine  Yield  Strength  of  Lead 


The  average  yield  strength  of  lead  was  calculated  from: 


S  = 


G  •  H 

n  •  A  •  d 
av 


A 

av 


+  A 

a 


2 


where: 

G  =  Falling  weight  =  24  pounds 

H  =  Distance  weight  fails  before  striking  lead 

A  v  =  Average  cross  section  area  of  lead  during  deformation 

A^  =  Cross  section  area  of  lead  before  impact 

A^  =  Cross  section  area  of  lead  after  impact 

n  =  Number  of  lead  prisms 
d  =  Plastic  deformation  of  lead 

Table  15  summarizes  the  results  of  these  tests.  Based  on  these  results, 
the  yield  strength  of  lead  is  4000  psi. 

Table  15 

RESULTS  OF  SHOCK  TESTS  TO  DETERMINE  YIELD  STRENGTH  OF  LEAD 


Test 

Prism  Dimensions 

Average 
i  Cross  Section 
^av 

(squa  'C  inches) 

Plastic 

Deflection 

d 

(inch) 

Load 

Stroke 

ii 

(inches) 

Lead 

Prisms 

n 

Yield 

Strength 

(psi) 

Before  Shock 

After  Shock 

A 

(square  inches) 

L 

(inches) 

A 

(square  inches) 

L 

(Inches) 

1 

I 

1.  501 

1.084 

1.384 

1. 041 

0.  115 

58.  5 

3 

3900 

11 

1 

1.  500 

1.050 

1.416 

1. 030 

0.  084 

38.  5 

3 

3  560 

111 

1 

1 .  500 

1.  121 

1.338 

1. 060 

0.  182 

58.5 

1 

4088 

rv 

1.059 

1.416 

1.  113 

1.348 

1.085 

0.068 

38.  5 

4174 

Determination  of  Test  Parameters 


Given  an  impact  acceleration,  a,  and  a  corresponding  shock  duration,  6t, 
the  following  expressions  can  be  applied  to  determine  required  test  parameters 
A,  m2,  and  H  (see  Appendix  I,  "Shock  Parameters").  For  linear  shock: 


Area  of  lead  A  =  —  g  m* 


Shock  duration 


ft  =  'H gH  m.i _ 

(m-t  +  m2)a 


(93) 
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For  torsional  shock: 


where: 

A 

g 

H 

I 

mi 

m2 

R 

r 

S 

6t 


Area  of  lead  A  =  — -— ■  a  —  =  - — — 

r  •  S  •  R  R  •  S 

Shock  duration  6t  -  ^  *  r 

(1+  m2  R3)  a 


(94) 


Average  area  of  lead  during  deformation 
Standard  gravity 

Vertical  distance  that  weights  fall  before  striking 

Polar  moment  of  inertia  of  superconducting  coil  and  support 

Mass  of  superconducting  coil  and  support 

Mass  of  falling  weights 

Radius  at  point  of  torsional  impact 

Radius  at  point  of  linear  acceleration  a 

Average  yield  strength  of  lead  during  deformation 

Shock  duration 


a  =  Linear  acceleration  at  point  of  interest 

w  =  Angular  acceleration  of  superconducting  coil  at  impact 
The  mass,  mv  and  the  polar  moment  of  inertia,  Itof  the  superconducting 
coil  assemblies  and  their  support  structure  are  summarized  in  Table  16. 

Table  16 

MASS  AND  POLAR  MOMENT  OF  INERTIA 
OF  SUPERCONDUCTING  COILS  AND  THEIR  SUPPORT  STRUCTURE 


Item 

Designation 

Mass 

(pound  ) 
m 

Inertia 

(poundm-square  Inch) 

1* 

u** 

» 

11 

1 

Superconductor  coll  and  copper  coll 

26 

26 

265.6 

149.5 

2 

304  stainless  steel  support  tube, 

3-1/ 2 -inch  SC1I5 

13,  02 

13.  0 

50 

50 

3 

304  stainless  steel  support  plate, 

7  *  7  y 3/8  inches 

5.  25 

5.25 

42.9 

42,  0 

4 

304  stainless  steel  disk 

L  25 

1,25 

2,3 

2.  3 

5 

Aluminum  support  piste 

7  y  7  x  1/2  inches 

240 

— 

10,6 

- 

6 

Two  aluminum  support  pistes 

7  y  6  x  1/2  inches 

-- 

7.  10 

- 

116 

7 

304  stainless  steel  flange 

3.  41 

3,41 

22,2 

22,2 

6 

Steel  disk  for  impact 

0.0 

0.0 

60,3 

60,3 

0 

Inner  cylinder  of  rubber  mounting 

12,47 

12.  47 

26.6 

26.  6 

10 

Three  textolite  spacer  dinks 
for  coils 

2.  0 

2.0 

12,2 

18.0 

11 

Fastening  bolts  for  coils 

2.  0 

2.0 

30,2 

15.0 

12 

Aluminum  square  bar,  2-1/2  y 

2-1/2  k  7  inches 

- 

” 

71.  5 

71.5 

13 

Steeldiak  for  impact 

-- 

- 

26.5 

26,5 

14 

Assembly  for  linear  shock  test 

76, a 

81.  5 

-- 

-- 

15 

Assembly  for  torsional  shock  test 

-- 

632.  1 

802.6 

•1  ■  Assembly,  where  axis  of  SC  Is  vertical 
r*U  -  Assembly,  where  axis  of  SC  is  horitontal 
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Instrumentation  Test  Procedure 


The  acceleration  and  shock  duration  will  be  measured  using  an  accelerom¬ 
eter  that  will  be  mounted  on  top  plate  T  of  the  coil  support  structure.  The 
impact  force  will  then  be  calculated  from  P=m1a. 

The  test  will  be  carried  out  as  follows: 

1.  Set  the  test  parameters  (area  of  lead  A,  weight  ma,  and  striking  height 
H)  so  the  desired  acceleration  and  shock  duration  are  obtained  from 
Equations  93  and  94. 

2.  Perform  the  trial  shock  test  in  air  or  liquid  nitrogen,  to  measure  im¬ 
pact  acceleration  a  and  shock  duration  6  t,  using  the  readings  of  the 
accelermeter.  Modify  the  test  parameters  as  required  to  obtain  the 
acceleration  and  shock  duration  that  were  specified. 

3.  Cool  the  superconducting  coil  assembly  to  4.2°K,  energize  the  super¬ 
conducting  coil  to  a  flux  density  of  6  tesla,  and  perform  the  shock 
tests  described  above. 

VIBRATION  TESTS 

REQUIREMENTS 

The  coil  configurations  and  modes  of  vibration  that  will  be  investigated 

are; 

•  Linear  Vibration  Along  Longitudinal  Axis  of  Coils.  The  coils  are  as¬ 
sembled  so  their  longitudinal  axis  is  vertical  (Figure  118).  The  vi¬ 
brator  exciter  is  mounted  on  the  top  of  the  dewar  cover  plate,  as  shown 
in  Figure  122. 

•  Linear  Vibration  Normal  to  Longitudinal  Axis  of  Coils.  The  coil  as¬ 
sembly  is  as  shown  in  Figure  119,  while  the  vibrator  exciter  is  mounted 
as  shown  in  Figure  122. 

•  Torsional  Vibration  Along  Longitudinal  Axis  of  Coils.  The  coils  are 
arranged  as  shown  in  Figure  118,  aluminum  bar  B  is  mounted  on  piate 
T  and  the  vibrator  is  assembled  as  shown  in  Figure  124. 

•  Torsional  Vibration  Normal  to  Longitudinal  Axis  of  Coils.  The  coil 
configuration  of  Figure  119  is  used  with  the  vibrator  assembled  as 
shown  in  Figure  124. 

The  vibration  tests  will  run  between  5-  and  50-hertz  frequencies  in  dis¬ 
crete  intervals  of  1  hertz  at  15  seconds  per  interval.  Discrete  vibration  table 
excursions  of  0.020,  0.040,  and  0.060  inch  will  be  applied  throughout  the 
above  frequency  range. 


VIBRATION  TEST  PROCF DURE 


Preliminary  Tests 

The  purpose  of  these  tests  is  to  determine  the  vibration  characteristics 
of  the  coil  and  their  support  structure  in  air  and  liquid  nitrogen  (see  Appendix 
II,  "Vibration  Characteristics"): 

•  Initial  preload  of  the  rubber  mounting  required  to  prevent  separation  of 
of  the  exciter  cam  from  plate  T 

•  Vibrator  frequency  nonuniformity 

•  Resonance  frequencies,  if  any 

Instrumentation  Test  Procedure 

The  vibrator  frequency  will  be  determined  by  using  either  a  mechanical 
tachometer  for  approximate  readings  or  a  strcooscope  for  more  accurate 
measurements.  The  vibration  acceleration  will  be  measured  using  an  accel¬ 
erometer  that  is  to  be  mounted  on  plate  T. 

The  test  will  be  carried  out  as  follows: 

3  Set  the  vibration  amplitude  mechanically  by  assembling  a  bearing 
adapter  sleeve  of  known  eccentricity. 

2.  Set  the  initial  preload  of  the  rubber  mounting  and  perform  a  trial  vi¬ 
bration  test  in  air  to  assure  that  no  separation  of  the  exciter  cam 
from  plate  T  occurs  while  the  frequency  nonuniformity  is  acceptable. 

3.  Cool  the  superconductive  coil  assembly  to  4.2°K,  energize  the  coil 
to  a  flux  density  of  6  tesla,  and  perform  the  above  vibration  test. 
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Appendix  I 

SHOCK  PARAMETERS 


LINEAR  IMPACT 

Assuming  that  masses  mx  and  m3  are  moving  at  velocities  vx  and  Vj,  re¬ 
spectively,  just  prior  to  an  impact,  that  e  is  the  coefficient  of  impact,  and  that  ux 
and  u2  are  the  velocities  just  after  the  collision,  then,  by  the  definition  of  the 
coefficient  of  impact: 

ux  -  u2  =  -e(vx  -  v 3) 
and  the  momentum  balance  equation  is: 


mx(ux  -  vx)  +  m2(u3  -  v2)  =  0 

Velocities  ux  and  u2  just  after  the  collision  can  then  be  determined: 

(Vi  -  v3)  (1  +  e) 


ux  =  vx  - 


1  + 


m, 


m- 


(95) 


U2  =  V2  + 


(v-,  -  Vo)  (1  +  e) 


1  r 


m; 

m. 


The  loss  of  kinetic  energy  due  to  the  impact  is  then: 


AK  =  |  mx  v?  +  |  m2v|  -  ~  m^u3  -  |  m2u| 

=  \  (vx  -  Vg)3(i  -  e3) 

2  mx+  m3  1  3 


(96) 


When  mass  m3  is  at  a  standstill  prior  to  the  collision  (v3  =  0)  and  when 
the  impact  is  ideally  plastic  (coefficient  of  impact  e  =  0),  then  Equations  95 
and  96  yield: 

m. 


u  =  u  =  u3  =  vx  , 

131  mx  +  m3 


AT,  1  m-,  m2  n 

AK  =  —  - L-s-  vf 

2  mx+m3  1 


(97) 


If  mass  mx  develops  its  velocity,  vx,  by  falling  from  a  standstill  from 
height  H  relative  to  the  collision  point,  then  its  velocity  prior  to  collision  is: 

vx  =  V2g H*  (98) 

Further,  if  the  acceleration  of  mass  m3  just  after  the  collision  and  during  the 
duration  of  the  impact  is  constant,  then: 


Preceding  page  blank 
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_ _  ^ . - 


u  =  o3  fit  =  -  fit  =  Vi 

ma  m1+  ms 


m,  „  m, 

=  V  2gH  - ■- 


mx+  ms 


and  the  duration  of  the  shock  is: 

fit  =  V2gH 


m. 


1 

x  — 


(m1+ma) 


=  V2gH'  i 

v  6  (m1+ina)  P 
where  P  is  the  internal  impact  force. 

Equation  99  could  also  have  been  derived  by  considering  the  constant  de¬ 
celeration  of  mass  m^ 


(99) 


6t  *  ^  =  v  -  v 


m , 


«  i 


V  -  v.  - 

[  i  1  mx+  m. 


J_  _  mav, 

o'!  (mj^+rnsJc! 


.  2gH 


mx  ma  1 


(mx  +  mP)  P 

Making  use  of  the  principle  that  the  loss  of  kinetic  energy  must  be  equal  to 
the  work  ot  the  internal  stresses,  the  following  expression  results  for  an 
ideally  plastic  impact: 

1  r»  >  r-v"» 

vr  P  6  (ioo) 


...  1  n?,  ma 

AK  =  — *■ — s- 

Z  mx+  ma 


where: 


P  =  Impact  force  that  is  assumed  to  be  constant  during  deformation 
6  =  Plastic  deformation 


TORSIONAL  IMPACT 


The  following  discussion  considers  the  plastic  collision  of  mass  ma 
moving  on  a  vertical  plane  about  the  center  of  rotation  0a  with  mass  mx, 
which  is  at  standstill  and  has  only  one  rotational  degree  of  freedom  on  the 
horizontal  plane,  about  the  axis  of  rotationZ  (Figure  126). 
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Let: 


I  =  Polar  moment  of  inertia  of  mass  mx  about  vertical  axis 
of  rotation  Z 

R  =  Radius  at  point  of  impact  from  axis  of  rotation  Z 

/ 

w  =  Angular  velocity  of  masses  and  m2  after  impact 
v  =  /~2gH  velocity  of  mass  ms  just  prior  to  collision 

The  rate  of  change  of  the  angular  momentum  before  and  after  the  impact 
will  be  equal  to  the  torque  of  external  forces  with  respect  to  the  axis  of  rota¬ 
tion  Z,  because  the  only  external  forces  are  the  reactions  through  the  axis  of 
rotation  Z: 

A0  =  (Iw  +  m2w  R‘)  -  m2v  R  =  0  (101) 

Equation  101  can  be  solved  for  the  angular  velocity,  w: 

ma v  R 

W  =  rf'mjR"  <102) 

The  loss  of  kinetic  energy  due  to  the  impact  would  be  equal  to  the  work  of 
the  internal  stresses,  and  for  an  ideally  plastic  impact: 

AK  =  |  mav2  -  |  (I  +  msR2)  w2  =  P  x  6  (103) 

where: 

P  =  Impact  force  (constant) 

6  =  Plastic  deformation 


yieldsUbStltUtm^’  m  EqUation  103,  the  exPression  for  w  given  by  Equation  10, 

L  m  v2  -  llH^R)3  _  r,  r 

2  aV  I+mJR^  -  P  X  6  (104) 


(104) 


To  determine  the  shock  duration,  constant  angular  acceleration  w  of 
mass  mx  during  the  impact  can  be  considered: 


6t  =  Z  =  — — s v  R  1 

w  (I  +  msR2)  w 


(105) 


Angular  acceleration  w  is  calculated  from: 


Iw  =  P  x  R 

where  P  is  the  average  impact  force  during  the  collision. 

1n  line?r  a“celera,i°n  at  a  given  point  of  mass  m,  can  be  found  from 

angular  acceleration  w  as  follows: 
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•  P  •  R  •  r 

a  =  w  r  =  - r -  106) 

The  impact  is  absorbed  entirely  by  the  plastic  deformation  of  ma.  If  A 
and  S  are  the  average  area  of  deformation  and  the  yield  strength,  respectively, 
then: 

P  =  A  *  S  (107) 

and  Equations  105  through  107  can  be  combined  to  give: 

A  •  S  •  3  •  r 


fit 


ma •  v  ‘  R  •  r 
(I  +  ma  R2)  a 


(108) 


v  =  ^f2gH' 


Appendix  II 

VIBRATION  CHARACTERISTICS 


If  the  linear  vibration  of  the  coils  and  their  support  are  nearly  sinusoidal 
(that  is,  T  vibration  displacement  X  were  defined  as  fallows: 

X  =  Xosin(wt)  (109) 

for  this  case),  then  the  governing  differential  equation  of  the  forced  vibration 
would  be: 


where: 


m, 


d2X 

dt2 


+  KX  =  F 


(110) 


mi  =  Mass  of  coils  and  support  structure 
F  -  Spring  constant  of  rubber  mounting 
F  =  Exciting  force 


Substituting  lor  X,  in  Equation  110,  the  expression  from  Equation  109 
yields: 


F  =  Xo 


i  - 

p2 


K  sin(wt)  =  Fo  sin(wt) 
K 


(111) 


P2  = 


ni, 


Fo  =  Xo 


wf 
'  P2 


K 


If  Fj  is  the  initial  compression  force  of  the  rubber  mounting  then  the 
total  applied  force  would  be: 

F  =  Fj  +  Fo  sin(wt)  (112) 

Io  prevent  separation  between  the  vibrator  cam  and  the  vibrating  structure 
the  total  applied  force,  given  in  Equation  112  should  always  be  positive. 

I  his  requirement  is  fulfilled  when  the  initial  compression  force,  Fj,  is: 


Fj  >  Fo  =  Xo 


i . 

Pj 


K 


(113) 


Th°  instantaneous  power  requirement  of  the  vibration  is  calculated  from: 
^  =  [i‘  i  +  Fo  sin(wt)J  Xow  cos(wt) 


(114) 


Io  meet  this  variable  instant  power  requirement  at  a  fairly  uniform  fro- 
quency,  hi  inertia  of  the  \  ibrator  shaft  must  be  increased  by  the  addition  of 


\ 

\ 

a  flywheel.  The  differential  equation  that  governs  the  frequency  fluctuation 
due  to  the  power  variation  is: 

I  —  =  (Fj  +  Fo  sinwt)  Xow  cos(wt)  (115) 

dt  1 

Integrating  Equation  115  over  half  a  period  (-n/2w,  n/2w)  yields: 

\  (w§  -  wf)  =  2  Fj  Xo  (116) 

Introducing  the  coefficient  of  frequency  nonuniformity: 

ws  -  w,  „  (w2  -  w,) 

e  “  ~  w 

wa+  Wx  W 

*  m 

then  Equation  116  yields  the  required  flywheel  inertia: 

I  =  2  Fj  XQ  (117) 

w3  e 
m 
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